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This dissertation has been prepared on my understanding that two documents are required:   
a literature review and original research both in the style of a journal paper.
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CHRONIC PROFESSION-LIMITING PROBLEMS IN MUSICIANS:  
UNDERLYING MECHANISMS AND  
NEUROPLASTIC ROUTES TO RECOVERY 
 
A Review of the Literature 
 
SUMMARY 
Musicians are subject to medical problems that are specifically related to the physical and 
psychological demands of their profession. Although these problems are wide-ranging in type, 
severity and duration, most are commonly reported, quantified and analysed with respect to 
musculoskeletal factors.  Playing-related complaints are usually explained, diagnosed and 
treated in relation to specific components of the musculoskeletal system  
(e.g. impingement syndrome, tendinopathy, overuse, muscle weakness, postural imbalance).   
 
Although problems can be addressed at the specific musculoskeletal level, the causes can be 
opaque, with many factors contributing synergistically. Analysis of injury in relation to holistic 
factors is usually descriptive i.e. injury is associated with particular intrinsic or extrinsic risk 
factors.  Mechanistic underpinning is largely absent.  Likewise, cognitive therapy addresses the 
process of sensory analysis but tends not to relate the result to the selection of muscle activation 
patterns.   
 
When performing any task, including playing a musical instrument, there are many possible 
perceptions of sensory input and musculokinematic activity patterns capable of producing 
similar performance outcomes, but with varying cost to the performer.  Within a feedback loop, 
the translation of sensory input through sensory analysis, selection of muscle activity patterns, 
and task performance, feeds back to sensory input.  This perception-selection-action feedback 
loop can be constructively or destructively reinforcing, leading to fitness or injury, depending 
on the selected sensori-motor translation.  At this system-level of analysis, selected sensory-to-
motor coordination, rather than specific musculoskeletal or cognitive components, is the cause 
of injury.  The solution to injury lies in diagnosis of “bad” selected sensori-to-motor translation 
and, using the inherent neuroplasticity of the human brain, corrective feedback, which is largely 
inhibitory, to change selected perceptual-motor response to sensory input.  
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MEDICAL PROBLEMS OF MUSICIANS 
Musicians are subject to medical problems that are specifically related to the physical and 
psychological demands of their profession (Brandfonbrener, 2010, Steinmetz et al., 2012, Kok 
et al., 2013).  Increasing awareness of the risks faced by musicians and other performers, 
particularly in the last 25 years or so, has led to the development of Performing Arts Medicine, 
a relatively new and evolving speciality of occupational medicine that addresses performance-
related problems, and to a growth in the associated body of scientific literature. 
  
The reporting of musicians’ performance-related problems is fragmented, apparently ad hoc 
and tending to lack a unifying explanatory idea.  The numerous investigations into the nature, 
frequency, causes and possible solutions to such problems vary greatly in quality, the groups of 
musicians studied, the type, definitions and severity of conditions included, the terminology, 
methods, sample sizes and statistical analyses used, and the interpretations of results (Guptill, 
2011, Zaza, 1998, Bragge et al., 2006, Yeung et al., 1999, Kaufman-Cohen, 2011).  
Consequently, as Zaza (1998) notes, accurate figures for both prevalence and incidence1 of 
medical problems experienced by musicians are difficult to ascertain (see Bejjani et al., 1996, 
Guptill, 2011, Zaza, 1998, Zaza and Farewell, 1997). Frequently used as a benchmark, are 
figures from a survey of instrumentalists from 48 professional orchestras in the USA (Fishbein 
et al., 1988), in which more than 80% of participants reported experiencing at least one 
performance-related problem at some point in their careers (for review see Abreu-Ramos and 
Micheo, 2007, Zaza, 1998, Kaufman-Cohen, 2011).  Despite differences in methodologies and 
study populations, subsequent work has provided compelling evidence that a significant 
problem exists and that musicians at all levels and ages are affected (see Zaza, 1998, 
Ackermann et al., 2012, Hoppmann, 2010, Fotiadis et al., 2013, Steinmetz et al., 2012, 
Brandfonbrener, 2009, Guptill, 2011, Moraes and Papini, 2012, Hiner et al., 1987, Dawson, 
2001, Caldron et al., 1986, Dawson, 1999).   
 
Although initial review of the literature suggests a diverse range of problems including anxiety 
and depression, the majority reported would seem to be musculoskeletal affecting mainly the 
upper extremities, particularly the shoulders, neck and back (Brandfonbrener, 2010, 
                                                 
1 Incidence refers to a rate of occurrence and is usually expressed as a proportion or percentage whereas 
prevalence is measure of the total number in a population.  Thus, incidence conveys information about the risk of 
developing a condition for instance, whereas prevalence indicates how widespread that condition is. E.g. 
incidence of shoulder injuries in violinists is high (90%) but prevalence is low (50 violinists in the UK). 
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Hoppmann, 2010, Kaufman-Cohen, 2011, Guptill, 2011, Kreutz et al., 2008).  However, 
determining what constitutes a performance-related musculoskeletal problem is challenging 
since terminology is not universal.  Two of the most common terms, “playing-related 
musculoskeletal disorders”2 (PRMDs) or “injuries”3, have been variously used to describe a 
wide range of musculoskeletal complaints.  As well as problems relating to muscles, ligaments 
and tendons that are often attributed to inflammation, neuromuscular conditions involving 
compression or entrapment of peripheral nerves, and dystonias are also included (see Zaza, 
1998, Kaufman-Cohen, 2011, Bragge et al., 2006, Guptill, 2011, Brandfonbrener, 2003).  This 
broad definition of performance-related problems can encompass specific clinically 
diagnosable conditions such as thoracic outlet, carpel tunnel and other nerve entrapment 
syndromes, inflammatory conditions such as adhesive capsulitis, medial/lateral epicondylitis 
and de Quervain’s tendinitis (e.g. Bejjani et al., 1996, Fry, 1986, Brandfonbrener, 2010, 
Watson, 2009), as well as more diffuse but equally debilitating problems such as “non-specific 
arm pain”, or the much discussed and controversial “repetitive strain injury” and “overuse 
“/”overuse syndrome” (see Steinmetz et al., 2012, Fry, 1986, Chan et al., 2013, but also 
Winspur, 2003, Winspur and Wynn Parry, 1997, Wynn Parry, 1998b, Moulton and Spence, 
1992, Lippman, 1991).   
 
The distinctions between these conditions are unclear and a variety of symptoms may result, 
including discomfort, pain, weakness, numbness, tingling, fatigue and/or other symptoms 
which can interfere with ability to perform (Zaza, 1998, Zaza and Farewell, 1997, Steinmetz et 
al., 2012).   
 
Causes of musculoskeletal performance-related injuries 
Performance-related problems of musicians have been associated with a number of risk factors 
including gender, age, instrument played, technique, posture, practice habits and general fitness 
(e.g. Ackermann, 2010b, Bragge et al., 2006, Fjellman-Wiklund et al., 2003, Kaufman-Cohen, 
2011, Wu, 2007, Zaza and Farewell, 1997, Yoshimura et al., 2006, Yoshimura et al., 2008, 
Davis and Mangion, 2002, Hansen and Reed, 2006) (see also Brandfonbrener, 2010) 
                                                 
2 In some literature “performance-related musculoskeletal disorders” (PRMD) (e.g. Chan et al., 2013), or 
“playing-/performance-related conditions” (PRMC) , “performance-related medical disorders” (PRMD) or 
“playing-related musculoskeletal problems” (PRMP) (Ranelli et al., 2001) ; upper-body musculoskeletal 
Problems (MSKPs) (e.g. Abreu-Ramos and Micheo, 2007), “playing-related injury” (PRI) (e.g. Park et al, 2007) 
3 Moulton and Spence (1992) question whether “injury” is an appropriate term to use in cases where tissue 
damage has not been demonstrated. 
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Gender is one of the most frequently discussed “intrinsic” factors.  The increased prevalence of 
injury among females (e.g. Fjellman-Wiklund et al., 2003, Leaver et al., 2011, Abreu-Ramos 
and Micheo, 2007, Chan et al., 2013, Fishbein et al., 1988, Fry, 1988, Lockwood, 1988, Wu, 
2007, Kok et al., 2013, Zaza and Farewell, 1997, Davis and Mangion, 2002) seems to depend 
upon the instrument group studied, with larger and heavier instruments reportedly more 
problematic to females (Wynn Parry, 1998b, Brandfonbrener, 2010).  However, greater 
prevalence among females may also reflect a greater willingness to report problems and/or seek 
medical help (Brandfonbrener, 2010).  Alternatively, Kaufman-Cohen & Ratzon (2011), found 
no difference between male and females in the prevalence/incidence of PRMDs.   
 
Another commonly cited “intrinsic” risk factor is age (e.g. Warrington et al., 2002, Fishbein et 
al., 1988, Yeung et al., 1999).  “Overuse” and “repetitive-type” injuries are seemingly more 
common and serious amongst students and young professionals, compared to experienced 
professionals.  However, this does not take into account older musicians whose problems may 
have caused them to leave the profession altogether (Fishbein et al., 1988, Zaza and Farewell, 
1997, Črnivec, 2004).  Abreu-ramos and Micheo (2007) found that older musicians were also 
at increased risk of developing PRMDs.  Nevertheless, there are extrinsic factors which are 
relevant to younger musicians preparing for exams or auditions, or commencing full-time music 
courses or professional positions.  Such factors might include sudden increases in the amount 
and/or intensity of practice/playing, and changes of teacher, technique, repertoire, instrument 
or carrying case, (e.g. Lederman, 2010, Wynn Parry, 1998a, Zaza and Farewell, 1997, Fry, 
1987, Wynn Parry, 1998b, Ranelli et al., 2001, Kok et al., 2013).  
 
As an “extrinsic” risk factor the problems associated with particular instruments or instrument 
groups, have been the subject of numerous investigations (e.g. Ackermann and Adams, 2003, 
Middlestadt and Fishbein, 1989, Ackermann et al., 2011, Bragge et al., 2006, Chesky et al., 
2002, Moraes and Papini, 2012, Baadjou et al., 2011, but see also PAMA).  The weight and/or 
shape of some instruments, the stresses that they can place upon certain parts of the performers’ 
body, and/or the physical postures required to support them can also contribute to the 
development of musculoskeletal problems (Brandfonbrener, 2010, Ranelli et al., 2001, Moraes 
and Papini, 2012, Kaufman-Cohen, 2011), particularly if there is a mismatch between the size 
of the instrument and the player (Wynn Parry, 1998a).  Therefore, all instruments can be 
implicated to some extent, but stringed and keyboard instruments are repeatedly reported as 
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posing greater risks than wind or brass instruments (e.g. Shoup, 1995, Sataloff et al., 2010, 
Zaza, 1992, Fishbein et al., 1988, Črnivec, 2004, Wu, 2007, Abreu-Ramos and Micheo, 2007). 
The repetitive nature of the finger work required, the high number of notes played (often at 
great speed) and the tendency towards prolonged periods of practicing and performing, which 
in string players is compounded by an asymmetric playing position, may all contribute (e.g. 
Brandfonbrener, 2010, Kok et al., 2013, Zaza and Farewell, 1997, Kreutz et al., 2008, Wynn 
Parry, 1998a, Edling and Fjellman-Wiklund, 2009, Moraes and Papini, 2012, Ackermann, 
2002).  In contrast, while the physical demands of playing mean that wind and brass players are 
generally unable to attain similarly lengthy periods of practicing and performing, they also 
suffer from problems of the back, neck, shoulders and arms, as well as the muscles of the lips 
and cheeks, the soft palate, and the throat (Brandfonbrener, 2010, Drinkwater and Klopper, 
2010, Ackermann et al., 2012, Ranelli et al., 2001).   
 
Many of these issues relating to supporting and playing an instrument can be ameliorated by 
adjusting the “interface” between instrument and body. For instance, neither the oboe nor the 
clarinet are especially large or heavy instruments but much of their weight is transmitted to the 
metaphalangeal or interphalangeal joints of the right thumb via a small metal or plastic rest.  
Resulting or potential problems in the right hand and forearm can be addressed by use of a small 
adjustable “Kooiman” thumb rest which spreads the load across the stronger head of the 
metacarpal joint (Brandfonbrener, 2010, Wynn Parry, 1998d, Winspur and Warrington, 2010). 
 
Whilst the differentiation between “technique” and “posture” is debatable, both are considered 
to have a greater impact on the likelihood of developing PRMDs than gender, age or instrument 
played (Wynn Parry, 1998d, Tubiana, 1998).  Certainly, both can produce similar symptoms.  
For example, a string player who grips their bow too tightly between thumb and fingers, besides 
creating unnecessary difficulties with bowing technique, may begin to experience discomfort, 
pain and/or inflammation anywhere in the right hand which radiates to the arm and shoulder 
(Wynn Parry, 1998d, Brandfonbrener, 2010).  Similarly, a pianist or cellist who sits “hunched” 
at his/her instrument i.e. rounding the upper back and shoulders, may also develop problems in 
the neck, back or shoulders which can be referred to the arms and hands (Brandfonbrener, 2010, 
Wynn Parry, 1998d).  The effects of poor technique and posture can be compounded by poor 
practice habits, namely practicing for protracted periods, with insufficient/inadequate rest 
breaks (Wynn Parry, 1998b, Brandfonbrener, 2010).  Indeed, Winspur and Wynn Parry (1998), 
and others (e.g. Abreu-Ramos and Micheo, 2007, Chan et al., 2000, Steinmetz et al., 2010, 
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Shafer-Crane, 2006, Dib and Sturmey, 2007) consider that many problems can be overcome or 
prevented by addressing technical and postural issues, and adopting good practice habits 
including use of warm-up and cool-down exercises before and after practice, stretches during 
frequent breaks, and mental practice (e.g. Hoppmann, 2010, Davis et al., 1998, Wynn Parry, 
1998b, Wynn Parry, 1998a, Zaza and Farewell, 1997, Ackermann, 2010a, Brandfonbrener, 
2010).   
 
General fitness and conditioning are also regarded as essential components in the prevention of 
PRMDs (Ackermann, 2010a, Wynn Parry, 1998b, Hoppmann, 2010, Drinkwater and Klopper, 
2010).  Musicians are frequently likened to athletes in that they perform complex, often rapid, 
coordinated movements, sometimes, at the limit of their abilities.  Although the forces involved 
are much smaller than in sport, it is widely asserted that musicians must be fit for what they do 
(Okner, 1997, Brandfonbrener, 2010, Winspur, 2003, Elbaum, 1986, Wynn Parry, 2004, though 
see also Hoppmann, 2010).  However, whilst athletes tend to develop their entire musculature 
along with their skill, musicians frequently do not (Tubiana et al., 1989).  Furthermore, many 
do not take regular exercise4 (e.g. Abreu-Ramos and Micheo, 2007).  Consequently, athletic 
musculature is frequently confined to parts of the hand and arm whilst the rest of the body is 
relatively undeveloped and untrained, leading to muscular imbalances which are also 
considered to contribute to the development of PRMDs (e.g. Tubiana et al., 1989, Davis et al., 
1998, Elbaum, 1986).  
 
It is clear that while gender, age, instrument played, technique, posture, practice habits, and 
general fitness and conditioning are all plausible factors in the development of playing-related 
problems, they do not explain why some people seem more prone than others given the same 
factors/practices or, why some respond well to treatment and recover quickly whilst others do 
not (Moulton and Spence, 1992, Wynn Parry, 1998b).  Accordingly, other contributory factors 
have been considered, including psychological factors such as anxiety, depression or stress, not 
only in playing but in other aspects of individuals’ lives, and previous experience (e.g. parental 
influences, teachers, opportunities, number of years spent playing), (Brandfonbrener, 2010, 
Zaza and Farewell, 1997, Fjellman-Wiklund et al., 2003), though the cumulative effects of 
multiple factors have not been studied.   
 
                                                 
4 although no comparison is made as to how the percentages given compare to the general population (pers 
comm., ZKWG6) 
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The current multidisciplinary approach  
There is increasing acknowledgement throughout the literature that the development of 
performance-related problems involves multiple factors acting synergistically.   For instance, 
anxiety, chronic pain and their detrimental effect on performance have been well-documented, 
and typical underlying personality traits identified (e.g. Altenmuller and Jabusch, 2010, 
Watson, 2009, Wynn Parry, 1998c, Wynn Parry, 1998d, Kenny, 2011, Wynn Parry, 1998b).  
Consequently rehabilitation strategies must be “holistic” i.e. multidisciplinary, coordinated and 
tailored to address the physical, emotional, psychological and social aspects of a particular 
individual’s life (e.g. Spaulding, 1988, Park et al., 2007, Hoppmann, 2010, Wilke et al., 2011).  
However, because there are many factors involved, the causes of performance-related problems 
can be difficult to ascertain and treat.  Often there is lack of visual or physical evidence, 
particularly in the case of chronic or recurring conditions (see Moulton and Spence, 1992, 
Brandfonbrener, 2010).  Analysis of performance-related problems with respect to holistic 
factors is usually descriptive i.e. a problem is associated with particular intrinsic or extrinsic 
risk factors.   
 
The need for a unifying explanation 
This largely descriptive approach to performance-related problems has, thus far, led to an ever-
increasing proliferation of cases which vary with every combination of individual symptoms 
and circumstances (see PAMA).  Furthermore, many of the descriptions and explanations are 
partial.  For example, although there is an appreciation that PRMDs have a cognitive aspect, 
the connection between musculoskeletal and cognitive aspects is not clear (Nagel, 2010).  
Similarly, the association between anxiety and muscle tension is usually descriptive (Zinn et 
al., 2000, Berque and Gray, 2002, Yoshie et al., 2004, Kenny et al., 2013, LeVine and Irvine, 
1984).  Generally, cognitive/psychological and musculoskeletal processes are dealt with 
separately.  Cognitive/psychological processes are dealt with by talking therapies, self-coaching 
and self-appraisal, and psychologists (see Nagel, 2010; Kenny, 2011, for review), and 
musculoskeletal processes, by physical therapies, pharmacological intervention (e.g. anti-
inflammatories, analgesics, psychotrophics) and retraining/ rehabilitation strategies (see 
Watson, 2009, Brandfonbrener, 2010, Ackermann, 2010b for examples).  Cognitive 
behavioural therapy discusses how anxiety is related to perception of a particular situation and 
how that may be changed, but is generally not concerned with the translation into muscle 
activity and movement (Sasso, 2010).  In summary, there are two bodies of performing arts 
medicine literature, one, (from which many examples have been cited here) dealing with the 
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biomechanical aspects of performance including PRMDs, and the other, with the psychological 
aspects.   
 
The next section considers how an understanding based on the principles of the integrated 
working of the human system might reduce the current high dimensionality of symptoms into 
a smaller number of causal mechanisms.  Drawing on published examples of the processes 
underlying performance, it is possible to propose a general mechanism which has the possibility 
of reducing the diverse symptoms of performance-related problems within a common 
explanatory framework. 
 
GENERAL COGNITIVE-MOTOR SYSTEM-LEVEL CAUSES OF INJURY 
Whilst injuries and their causes can be analysed at the specific musculoskeletal level, 
performance of any task requires simultaneous processes of sensory analysis, response 
selection, motor output, and task performance all operating continuously through a closed 
feedback loop (see van de Kamp et al., 2013). Through this feedback loop, undesirable 
performance, undesirable neural adaptation, and the costs of performance may be amplified or 
diminished.  These principles show that even when component parts and systems are healthy, 
injury can result from closed-loop feedback processes operating at this integrative system-level.  
 
In any task, the performer receives internal and external sensory stimulation from the act of 
performing, and the external environment.  Interpretation of sensory information is influenced 
by perceptual and cognitive factors (Geuss et al., 2010, Mullen et al., 2005, Stefanucci and 
Proffitt, 2009, Tersteeg et al., 2012, White et al., 2010), is related to movement planning, and 
has multiple possibilities resulting in multiple possible perceptions of the same sensory input 
(e.g. Leopold and Logothetis, 1999, Sterzer et al., 2009).  During regulation of movement (i.e. 
performance), the nervous system continuously generates multiple possible solutions to the 
problem of how to carry out a particular task (Cisek, 2006).  Selection of one solution from 
many possibilities and inhibition of alternatives occurs up to two to three times per second (van 
de Kamp et al., 2013) (Figure 1, page 49).  Hence, the processes of perception, deciding (action 
selection) and planning are highly entwined and inseparable (Cisek, 2006).  Following selection 
of task-related possibilities including variables to be regulated and their relative importance, 
i.e. the control strategy, the lower level nervous system has the information it needs to produce 
coordinated activation of multiple muscles (van de Kamp et al., 2013, Karniel and Inbar, 2000, 
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Todorov, 2004). Task performance occurs through mechanical contact between muscles, 
tendons, bones, soft tissue and external objects such as the floor and instruments being held.  
 
How selections processes can lead to injury and dysfunction 
The principle of motor equivalence means that there are many possible musculokinematic 
activity patterns capable of producing very similar performance outcomes (e.g.Karniel, 2011, 
Karniel and Inbar, 2000, Latash, 2010).  This redundancy gives the human system flexibility to 
adapt to many different situations.  Because there is a process of selection, there is the 
possibility of making “good” or “bad” selections, where good or bad is defined in terms of the 
effect on (i) performance, (ii) neural adaptation and (iii) damage.  Thus, the various possible 
activity patterns also have varying associated costs (where cost is defined as any detrimental 
effect on ability to perform the task including impaired control, undesirable neural adaptation, 
and damage to specific parts).  
 
(i) The effect of selection on performance 
Poor selection of regulation variables can affect performance of the task in hand.  For instance, 
good posture is considered to be an essential component of playing a musical instrument and 
there are numerous descriptions and photographs of what constitutes “good posture” (Tubiana 
et al., 1989, Tubiana, 1998, Wynn Parry, 1998d)5.  However, if a musician’s perception of 
“adopting a good posture for playing” involves maintaining a particular position rather than 
minimising muscular forces, he/she is likely to promote rigidity by restricting movements of 
the body in response to the activity of playing the instrument.  Consequently, to compensate, 
muscle groups other than those required are likely to be used, further disturbing balance (Loram, 
2013).  
 
Thus, regulating a proximal part of the body prior to regulation of the distal part, can limit what 
is possible in the more distal parts.  Movements consist of a series of “events” occurring along 
a “kinematic chain” of body segments from proximal to distal (Brukner and Khan, 2012).  A 
particular result at the distal end of the chain, such the position of the fingers on the fingerboard 
of the violin, can be achieved by many configurations and muscle activation patterns within the 
proximal segments i.e. the hand, arm and shoulder.  However, if the position of the hand, arm 
                                                 
5 Tubiana (1998) defines good posture as a condition in which the whole body is in physiological equilibrium 
and such that the use of muscle groups other than those required for a given movement can be avoided.  Good 
posture allows the specific repetitive movements with a minimum stress to the body. 
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or shoulder is fixed, then the possible positions for the fingers on the fingerboard becomes 
limited a priori. 
 
A task goal can also be considered as distal to the body.  For example, a musician choosing to 
regulate the quality of sound  that they produce whilst allowing any available movements of the 
hand, arm and shoulder, promotes greater flexibility, variability and spontaneity, and will tire 
less quickly than one who chooses to maintain a particular position of the hand, arm and 
shoulder (Rudroff et al., 2010, Baudry et al., 2011). 
 
Interpreting a situation as threatening or affirmative has consequences on performance.  Arousal 
of the sympathetic nervous system or “stress” is a physiological reaction to a stressor (i.e. a 
perceived harmful event, attack, or threat to survival) that has evolved to prepare the metabolic 
systems for activity, by increasing mental alertness, neuromuscular excitability, speed of 
response and muscular energy production (Wallin, 1981, Williamon, 2004, Watson, 2009, 
Yoshie et al., 2009).  Rather like sporting performance, in requiring peak physical performance 
and mental alertness, musical performance, arguably, may benefit from a degree of stress.  
However, sympathetic arousal has a cost i.e. if a particular situation is perceived as threatening 
or harmful when in fact it is not (as might be the case for a musician suffering from performance 
anxiety), there are two possible detrimental effects on performance: (i) too high neuromuscular 
excitability and (ii) fatigue i.e. excessive chronic arousal leading negative effects on health and 
function  
 
Excitability of the neuromuscular system can be increased via neuromodulation, a physiological 
process by which a given neuron uses several different neurotransmitters to regulate diverse 
populations of central nervous system neurons6.  Neuromodulation of the motor-neuron pool in 
the spinal cord can cause an increase in the amount of muscle activity produced per unit of brain 
input (input-output gain), which in turn, causes muscles to fire persistently (persistent inward 
currents).  If gain is too high, muscle output can become uncontrollable such that muscles can 
tremble, and even movements that are intended to be small, can become unnaturally large and 
jerky.  Neuromuscular excitability is a generalised “volume control” acting simultaneously on 
all the muscles (Heckman et al., 2008, Hyngstrom et al., 2007). 
                                                 
6 Neuromodulation is distinct from classical synaptic transmission, in which one presynaptic neuron directly 
influences a single postsynaptic partner.  Neuromodulators secreted by a small group of neurons diffuse through 
large areas of the nervous system, affecting multiple neurons. 
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Muscle activity has been shown to increase with stress (LeVine and Irvine, 1984, Yoshie et al., 
2004, Kenny et al., 2013) and, as well as leading to fatigue, can adversely affect performance 
(Yoshie et al., 2009). Firstly, muscle control and proprioceptive sensitivity decrease as force 
level increases (Loram et al., 2009) and secondly, unpredictable variability (noise) increases 
(Dideriksen et al., 2012).  Recruitment of motor units is in physiological order of small to large, 
with accompanying increases in jumps in the level of force.  Thus, ability to produce fine 
increments of force is also reduced at higher force levels (Henneman et al., 1965, Partridge et 
al., 1979).  Given that a musical performance requires fine motor control, the manifestations of 
too high a level of sympathetic arousal described above would be detrimental to performance.  
Performers who perceive musical performance situations as threatening or harmful rather than 
congenial and safe frequently suffer from performance anxiety and perform below their best, 
whereas those who see the performance in a positive light, tend to perform well .  Here, the 
poor selection is in the interpretation of the situation.  
 
(ii) The effect of selection on neural adaptation 
Performance of an activity i.e. movement and muscle activation patterns, generates sensory 
input to the nervous system that naturally results in adaptation within the nervous system. 
Movements that are repetitive, of low dimensionality, synchronised and attended, can lead to 
sensory dedifferentiation and occupational dystonia (Byl et al., 1996, Blake et al., 2002).  Thus, 
if on account of his/her outlook and training, an individual selects regulation variables at too 
proximal a level, practice and performance are likely to be repetitive, low dimensional, 
synchronised and attended, and sensory dedifferentiation and occupational dystonia are likely 
to result.  For instance, a pianist may practice the same passage or finger exercises repeatedly, 
lifting the fingers high in an attempt to articulate and thus achieve an evenness in timing, length 
and volume of the notes.   
 
(iii) The effect of selection on cost  
Regulating position (rather than minimising force) will generally lead to increased force levels 
and increased fatigue (Rudroff et al., 2010, Baudry et al., 2011) and regulating position at too 
proximal a level reduces variability and increases repetition.  Repetition, fatigue and increased 
muscular forces can all result in damage to specific parts(s) of the system through ischemia, 
muscle soreness, stiffness inflammation and pressure on soft tissue (Watson, 2009, Singh et al., 
2010, Windhorst, 2007).   
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The effect of feedback in amplifying or reducing the consequences of bad selection 
Within a feedback loop, the translation of sensory input through selection of muscle activity 
patterns into performance provides further sensory information which influences perception 
(van de Kamp et al., 2013).  Feedback loops either amplify errors (i.e. differences between 
desired and actual performances) and costs (positive feedback), or reduce errors and costs 
(negative feedback) (Schwarzenbach and Gill, 1992) and thus can be constructively or 
destructively reinforcing.  The whole issue as to whether an individual does or does not 
accumulate problems depends upon how they respond to the consequences of their poor 
selection.  If the response to the consequences of poor selection is to improve selection, then 
problems are likely to diminish.  However, if the response to the consequence of bad selection 
is more of the same bad selection, there is the possibility of the problem growing.  
 
For example, positive feedback has been used as a possible explanation for development of 
performance-related focal dystonia (Herrero et al., 2002, Blake et al., 2002, Mugge et al., 2012) 
and anxiety (Zinn et al., 2000).  Attended repetitive behaviours generate aberrant sensory 
representations which interfere with motor control.  Abnormal motor control then strengthens 
sensory abnormalities. Thus, the positive feedback loop reinforces the dystonic condition 
(Blake et al., 2002).  Through positive feedback, anxiety attacks or chronic pain can be triggered 
merely by the thought of an attack/the pain and/or the situation/circumstances/activity in which 
the anxiety/pain was elicited (White et al., 2010, Haythornthwaite and Benrud-Larson, 2000).  
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CONCLUSION 
In summary, at this system-level of analysis, selected sensory-to-motor coordination, rather 
than specific musculoskeletal or cognitive components, is the cause of injury.  This suggests a 
general approach in which the solution to injury lies in diagnosis of “poor” selected sensori-to-
motor translation and, using the inherent neuroplasticity of the human brain, corrective 
feedback, which is largely inhibitory, to change selected perceptual-motor response to sensory 
input.  
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A SCIENTIFIC INVESTIGATION INTO VIOLIN AND VIOLA PLAYING:  
DIAGNOSIS OF MUSCULOKINEMATIC COORDINATION PATTERNS  
AND METHODOLOGY FOR REDUCING INTERFERENCE WITH PERFORMANCE  
 
ABSTRACT 
Introduction 
The conventional approach to performance-related problems of musicians is to regard both 
causes and solutions as specific.  Treatments and rehabilitation generally involves some type 
of direct therapy to reduce inflammation, physiotherapy to address muscle weakness and 
imbalances, and a graded return to playing.  The approach presented here considers the 
working hypothesis that problems arise from “bad” selection within a perception-selection-
action feedback loop and that breaking the loop at the point of selection gives the possibility of 
preventing potential problems and overcoming existing problems.  The aim of this study is (i) 
to establish whether in playing, violin and viola players exhibit a common diagnosable 
musculokinematic pattern unnecessary for performance and (ii) to test a methodology for 
revealing and reducing that pattern in individuals. 
 
Methods 
Twenty-one violinists/violists repeated seven progressively demanding playing tasks in six 
series involving two interventions - ultrasound and verbal feedback - based on principles of 
minimising task-irrelevant a priori selections, with necessary controls.   
 
Results. 
At significance p<0.05, discriminant function analysis of full-body, kinematic and 
electromyographical data showed progressive reductions in the extent to which a common 
musculokinematic pattern was exhibited with ultrasound and verbal interventions.  The 
differences were characterised by reductions in most muscle activities and key movement 
elements including elevation and internal rotation of the shoulder, axial rotation of the torso, 
and anterior and caudal movement of the head.  
 
Discussion 
Violinists and violists exhibit a common, diagnosable whole-body musculokinematic pattern 
that is unnecessary for performance and associated with chronic profession-limiting injury.  
External feedback, targeted at minimising individual a priori musculokinematic selections 
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unnecessary for performance is efficacious in achieving individual change.  This methodology 
has potential for reducing problems resulting from accumulative feedback of “bad” selection 
within a perception-selection-action feedback cycle, including limitations in performance, 
sensory input predisposing occupational dystonia and profession-limiting injury. 
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INTRODUCTION 
 
There is a high incidence of musculoskeletal problems amongst string players, particularly 
relating to the neck, shoulder and arm/hand (Bejjani et al., 1996, Berque and Gray, 2002, 
Nyman et al., 2007, Wynn Parry, 1998d, Brandfonbrener, 2010, Hoppmann, 2010).  Many of 
the factors to which problems are largely (and sometimes controversially) attributed are 
common to other instrumentalists and include the repetitive nature of playing and practicing a 
musical instrument, “overuse” (playing/practicing too much (e.g. Dawson et al., 1998, but see 
also Winspur, 2003) and misuse (which encompasses “poor technique”, “poor posture” and 
using excessive amounts of muscular tension, (e.g. Fjellman-Wiklund et al., 2003, Levy et al., 
1992, Winspur and Wynn Parry, 1997, Shoup, 2006, Zaza and Farewell, 1997, Wu, 2007, 
Steinmetz et al., 2010, Ackermann, 2010b)).  Violin and viola players are believed to be 
particularly vulnerable on account of the asymmetrical playing position in which their 
instrument is supported between the head and the left shoulder (e.g. Berque and Gray, 2002, 
Brandfonbrener, 2010, Steinmetz et al., 2008, Hoppmann, 2010, Park et al., 2012, Wynn Parry, 
1998a, Wilkinson and Grimmer, 2001, Moraes and Papini, 2012, Moore et al., 2008, Abreu-
Ramos and Micheo, 2007, Okner, 1997, Shan et al., 2004).  Many players hold the instrument 
by fixing the left shoulder into an elevated and inwardly rotated position, whilst pulling the 
head anteriorly and caudally onto the chin rest, frequently flexing the neck to the left.  This 
static loading is a potential source of unnecessary muscular tension which can reduce endurance 
and facility in playing, and may result in pain or injury (Fischer, 2004, Okner, 1997, 
Brandfonbrener, 2010, Berque and Gray, 2002, de Araújo et al., 2009, Levy et al., 1992, Blum 
and Ahlers, 1994, Wynn Parry, 1998a).  
 
Playing position, the interface of the instrument and other mechanical considerations such as 
technique, are important not only in terms of prevention of, and recovery from injury, but also 
in the development of optimal instrumental playing technique (which includes efficient motion 
patterns that avoid unnecessary movements and muscle activity (Bejjani et al., 1989, Kjelland, 
2000, Levy et al., 1992, Tubiana et al., 1989)).  However, there are many examples of violinists 
who are deemed to have poor posture, in playing use an inappropriate or inadequate 
combination of shoulder and chin rest (i.e. one which does not adequately fill the gap between 
the head and the left shoulder), adopt the configuration described above, and yet manage to play 
through an entire career, ostensibly without developing musculoskeletal problems.  Therefore, 
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there must be other factors involved, as a number of authors acknowledge (e.g. Brandfonbrener, 
2010, Berque and Gray, 2002, Moulton and Spence, 1992).  
 
As with any task, instrumental performance involves perception, cognition and selection of 
responses which are executed though synergy of muscle activation into coordinated series of 
movements throughout the entire body (van de Kamp et al., 2013).  The study presented here 
is thus undertaken within the paradigm of a perception-selection-action model in which these 
processes combine simultaneously and continuously within a feedback loop that potentially can 
sustain, amplify and progress problems, cumulatively through time. 
 
Within this feedback loop, psychological and physical processes can combine inseparably to 
cause the problems experienced by violinists.  Sensory analysis i.e. perception and cognition, 
involves the interpretation of internal and external sensory stimuli, and a largely involuntary 
process in which the nervous system generates multiple possible responses (or solutions to the 
problem of how to achieve a particular end) (Cisek, 2006).  In response selection, by 
continuous, centralised and largely non-conscious process controlled by the basal ganglia, most 
of the possibilities generated are inhibited such that we make a selection as to what we pay 
attention and the how we carry out the task in question (van de Kamp et al., 2013, Frank, 2011).  
In response execution, the cerebral motor cortex, the cerebellum, the brain stem and the spinal 
cord translate the selected means of performing the task into muscle activation patterns and 
generate forces such that movement occurs.  The performance of the task (e.g. how, or how 
well the task is performed) then feeds back into the sensory analysis process and thus, becomes 
part of the response selection process.  The cycle of perception, selection, action and feedback 
is largely involuntary, but continuous. 
 
This model, from here referred to as the “perception-selection-action feedback loop” (or 
feedback loop), questions any assumption that processes of perception and cognition are 
separate from motor function, and that unless an underlying condition or disease is present, the 
system automatically functions at its best.  Selected responses may be “good” or “bad” 
depending upon their effects on task performance (how well the task is performed), neuroplastic 
processes (how the brain continues to develop), and the accumulation of potential cost (any 
detrimental effect on the ability of the individual to perform the task such as fatigue, loss of 
control and/or damage to specific parts of the mechanism).  An understanding of the processes 
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involved provides support for the hypothesis that “bad” selection can be a cause of poor 
performance and neural adaptation leading to musculoskeletal injury and occupational dystonia. 
 
Within the feedback loop there is potential for the consequences of poor selection to be 
reinforced in a way that either magnifies or diminishes a problem.  However, because sensory 
analysis and response selection processes are largely non-conscious and because the brain tends 
to automate what is repeated many times, by and large, individuals are unaware of the way in 
which they interpret external stimuli, the selections they make, the consequences of those 
selections, and how the selections constantly feed back into the processes of interpretation and 
selection.  This lack of awareness means that if there is a problem, the causes and solutions are 
unclear.  Individuals can become caught in a vicious circle of not knowing what they are 
selecting, not having any choice over that selection and therefore, not being able to change it, a 
scenario which can affect not only the evolution of musculoskeletal injury, but problems 
relating to technique (i.e. a player is unable to improve despite hours of practice) or, for 
example, performance-related anxiety or depression.  These arguments justify the need for a 
means of diagnosing poor selection i.e. generating evidence which enables selection in 
individuals to be classified as “good” or “bad”. 
 
Establishing a process for individual diagnosis requires several steps.  First, the kinematic 
configurations and muscular activities that are normally sustained by violinists in holding and 
playing the violin, need to be established in order to determine which are necessary and which 
are not.  Here, it is worth distinguishing the unnecessary configurations and muscle activities 
in question from the transitory changes in position and movements of specific parts of the body 
which occur in the course of picking up and playing an instrument (although exaggerated bodily 
movements during playing are also unnecessary and unhelpful).  What is necessary to play the 
violin clearly cannot be changed.  However, this study is concerned with sustained patterns of 
activity that are not necessary to playing and thus have the possibility of being good or bad in 
terms of performance outcome, both in principle and for any particular player.  But because 
these patterns are unnecessary to playing, they can be changed.  Having ascertained what (if 
any) patterns of activity are not necessary, a systematic method for reducing and eliminating 
them is required.  In other words, the feedback loop needs to be broken at the point of response 
selection to enable players to ensure (or learn) a response more appropriate to the task/situation 
in question, that does not involve unnecessary movements and muscle activities which 
potentially impair performance. 
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Aims 
This study had two main aims.  The first was to establish whether in playing, violinists/violists, 
exhibited a common diagnosable musculokinematic pattern unnecessary for performance.  The 
second was to test a methodology for revealing and reducing that pattern in individuals.   
 
Fulfilment of both aims required an intervention that allowed violinists to hold and play the 
violin with less musculokinematic activity than they normally used.  Thus, the interventions 
used were designed to eliminate musculokinematic patterns which are selected prior to, but not 
necessary for, performance of the task.  In the first intervention, external feedback by ultrasound 
was provided on muscle shape change in the neck prior to, and during performance of the task.  
The neck was chosen because it is kinematically prior to the end effectors i.e. the head, 
shoulders, arms, hands and the violin or bow.  Participants were asked to minimise shape change 
unnecessary to performance of the task.  This intervention was predicted to indirectly reduce 
musculokinematic activity throughout the kinematic chain, subsequent to and dependent upon, 
prior control at the neck.  In the second intervention, external feedback by verbal instruction 
consistent with the kinematic priority of the neck, was provided to minimise musculokinematic 
activity observed to be unnecessary for the task.  
 
Using motion analysis, surface electromyography and ultrasound techniques, this study asked 
the following specific questions:  
i. what sustained change in configuration and muscle activity do violinists and viola 
players make when raising, supporting and playing their instruments? 
ii. are all elements normally adopted necessary to playing? 
iii. do the ultrasound and verbal interventions provide a systematic method for reducing 
unnecessary musculokinematic activity? 
iv. are the ultrasound and verbal feedback interventions progressively efficacious?  
 
For convenience, unless otherwise stated, subsequent references to “violin” include both viola 
and violin, and “violinists”, violin and viola players.   
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METHODS 
 
Ethical approval 
These experiments were approved by the Research Ethics Committee of the Faculty of Science 
and Engineering, Manchester Metropolitan University (MMU) and University College, 
London.  Participants gave written, informed consent to these experiments, which conformed 
to the standards set by the latest revision of the Declaration of Helsinki.  Experiments were 
performed at the Institute for Biomedical Research into Human Movement and Health at MMU. 
 
Participants and procedure 
Recruitment 
More than 70 violinists and viola players responded to an email advert circulation (Appendix, 
Figure A6, page 61).  Twenty-five participants were selected on the basis of availability during 
laboratory-experiment periods, and where applicable, willingness to travel7.  In the event four 
candidates cancelled their appointments leaving 21 participants (12 females), ranging from 19 
to 74 years in age (47 ± 14.7, mean ± SD).  Of the 16 violinists and five viola players, ten were 
professionals, eight, amateurs and three, students.  Three of the professional players and two of 
the amateur players were also violin/viola teachers.  
  
Preparation of participants  
Participants were prepared for Vicon motion analysis and electromyography (EMG) muscle 
recording.  To minimise the effect of playing in an unfamiliar environment and on an unfamiliar 
instrument, and having been “marked up”, participants were given a period of familiarisation 
with playing their own violin and the laboratory violin in the laboratory before the experimental 
sequence began.  For all trials, participants used their own shoulder rest and bow.  Four of the 
viola players used their own instrument for all trials.  The fifth played the laboratory violin, 
transposing her chosen piece for viola up a perfect fifth.  
 
                                                 
77 Since the project was not funded it was not possible to pay travel expenses, which prevented a number of 
interested student and young professional players who would need to travel a distance, from participating. 
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Procedure 
Participants carried out a sequence of tasks intended to characterise the sustained aspects of the 
kinematic configuration and muscle activities involved in playing their instrument, and study 
the changes that occurred as the level of demand increased from the purely biomechanical (i.e. 
raising the arms, holding the violin and coordinating movement of the fingers of the left hand 
with that of the bow across the strings), to full musical performance with emotional content (i.e. 
playing a piece of music of their own choice).  Participants were asked to stand as naturally and 
normally as possible, with both feet within one of two force plates.  They were then asked to 
perform the following tasks, each, on instruction, starting from, and returning to, a “neutral 
position” in which their arms were “relaxed” at their side8.  In the non-playing tasks (1-3) 
participants maintained the position for 5 seconds.  Tasks 1 to 3 were timed to 15 seconds and 
Tasks 4 to 7, to 30 seconds. 
 
Task 1: Normal standing (without the instrument)  
To determine the baseline configuration involved in standing participants were asked to 
stand as normally as possible. 
Task 2: Raising the arms (without their instrument)  
To determine the configuration involved in raising the arms without the violin participants 
were asked to bring both arms up to a playing position 
Task 3: Raising the violin 
To establish a baseline configuration in holding the violin, participants were asked to 
bring the instrument up to their normal playing position  
Task 4: Raising the violin and bow as if to play 
To establish a baseline configuration in holding the violin and bow, participants were 
asked to bring both up to their normal playing position as if to play. 
Task 5: Playing a scale 
To identify the changes in configuration involved in relatively undemanding playing, 
participants were asked to bring their instrument and bow up to play a three-octave G 
major scale (C major for viola players), playing one octave per bow. 
                                                 
8 Instrumentalists’ tendency on picking up their instrument from its case and on ceasing to play, to stand holding 
their instruments with the arms bent at the elbow.  Thus, to standardise the trials in Tasks 2 to 7, participants 
were asked also to start from and return to “neutral”, holding their instrument (and bow) with the arms “relaxed” 
at their side. 
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Task 6: Playing a study 
To identify the changes involved in slightly more demanding playing participants were 
asked to bring their instrument and bow up to play part of the study No. 2 by Rudolphe 
Kreutzer (Appendix, Figure A8, page 63). 
Task 7: Extended playing 
To identify the changes involved in playing music with emotional content, participants 
were asked to bring their instrument and bow up to play a piece of their own choice. 
This sequence of tasks was undertaken in each of five series (below) aimed at testing the effects 
of two interventions (E, F) on normal playing with the necessary control series (B, C and D) in 
place. 
 
Series A: Normal playing with no intervention.   
To determine participants’ normal movements in playing, using their own instrument, and 
a piece of music of their own choice, they were asked to perform the tasks as normally 
and as naturally as possible.   
Series B: Playing a laboratory violin with an ultrasound probe attached to the neck.   
To test the effect of a change of instrument and the addition of an ultrasound probe taped 
to their neck, participants were asked to play as in Series A, but on the laboratory violin.   
Series C: Playing whilst focussing on an object.   
To test the effect of focussing the gaze of the eyes (and thus keeping the head relatively 
still), participants were asked to play as in Series B, but looking at the side of the 
ultrasound monitor. 
Series D: Playing while describing the changes in neck muscle shape. 
To test the effect of focussing the attention on external information whilst performing, 
participants were asked to play as in Series C while looking at the ultrasound image of 
their neck.  To maximise their engagement with, and understanding of, how the images 
on the screen related to their own movements, participants were asked where in the image 
and at what point(s) in the task they noticed the changes, and whether they could specify 
the direction, shape and size of the movement(s) they noticed.  
Series E: Playing using ultrasound feedback  
To test the indirect effect of attempting to minimise changes in the shape of the muscles 
whilst performing, participants were asked to play as in Series D, but attempting to 
minimise the changes in muscle shape while they played.  They were then asked the same 
questions as in Series D.  
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Series F:  Playing using verbal feedback  
To test the efficacy of a procedure designed to minimise and eliminate unnecessary 
movements, participants were given feedback based on observations made while they 
were playing in Series A to E.  Their attention was drawn to how they held various parts 
of the body and the movements they made between standing and playing their instrument.  
For example, attention was drawn to the position of their feet, how their weight was 
distributed between them, how they moved their torso, shoulder, arm, head and neck 
through the various tasks (see results).  They were then given a set of instructions, each 
of which was repeated and demonstrated by the author as many times as necessary for the 
participant to understand (Appendix: Table A5, page 49).  The feedback and instructions 
given are based on principles of mechanical economy i.e. using the minimum muscular 
effort required to perform a task. 
 
Apparatus and measurements 
Participants stood with their feet on one of two force platforms (AMTI, OR6–7, Watertown, 
MA).  The ground reaction force and its point of application (PoA) were obtained from the 
force platforms.  A 10-camera motion analysis system (VICON Nexus Oxford Metrics) was 
used to measure the body kinematics.  Movements were tracked using 56 retro reflective 
markers placed bilaterally on the second metatarsal head, the lateral and medial malleoli, the 
navicular tuberosity, the tibial tuberosity, the medial and lateral tibial condyles, the medial and 
lateral femoral condyles, the anterior and posterior iliac spines, the acromioclavicular joint, the 
lateral epicondyle, the medial and lateral aspects of the wrist at the heads of the radius and ulnar, 
the head of the middle metacarpus, the zygomatic process anterior to the auditory meatus, the 
temporal process of the zygomatic bone at the inferior margin of the ocular orbit, and 
unilaterally on the abdomen to the right of the naval, the sternum just below the manubrium 
and at the sternal notch, the right clavicle just right of centre, the spine at the processes of the 
seventh cervical vertebra, the third, seventh, tenth and 12th thoracic vertebrae, the third lumbar 
vertebra, the first sacral vertebra, and on the forehead to the right of centre.  To distinguish left 
and right sides of the body, bilateral mid-segment markers were placed with the right marker 
placed higher (more proximal) than the left.  
 
Having shaved and cleaned the skin, 15 surface (wireless) EMG (Trigno, Delsys, Boston, MA, 
USA) data were recorded bilaterally from upper and lower trapezius, tibialis anterior, vastus 
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lateralis and medialis, gastrocnemius and semi-membranosus muscles, and from the right 
sternocleidomastoid muscle.   
 
As a measure of physiological arousal (Sequeira et al., 2009, Vetrugno et al., 2003), galvanic 
skin conductance (GSC) was recorded with a wireless device, custom-made based on the 
method described by Lykken and Venables (Lykken and Venables, 1971).  Adhesive gel 
electrodes (Cardiacare, Herongate) were placed on the palmar aspect of the second and fourth 
finger of the right hand for differential recording.  A custom-built, wireless strain gauge device 
measured force applied to the standard chin rest of the laboratory violin9.  Sound was recorded 
using a stand-mounted acoustic microphone placed 1m in front of the participant.  For Series B 
to F, an ultrasound (US) probe with transverse cable (linear, 7.5MHz, 50mm field of view Aloka 
ProSound-5000), was attached to the dorsal neck of each participant at the level of C4 using 
micropore tape, to provide a transverse view of five muscular layers (trapezius, splenius, 
spinalis capitis, spinalis cervisis, rotatores/multifidis (Figure A7, page 62).  
 
Kinematic, analogue and sound data were synchronously sampled at 100 Hz, 1000 Hz and 44 
kHz respectively. 
 
Data analysis 
Pre-processing of kinematic and analogue data 
Using Visual 3D (C-Motion), a seventeen-segment, three-dimensional kinematic model (feet, 
shanks, thighs, pelvis, thorax, neck, head, clavicles, upper arms, forearms, hands) was fitted to 
the marker data using “six-degrees of freedom” inverse kinematics.  From this model, the 
following 19 nineteen model-based quantities, each with three degrees of freedom, were 
calculated, including rotation at 15 joints (ankles, knees, hips, thoracic-pelvis, shoulders, 
elbows, wrists, neck (C7) and atlanto-occipital (AO)), three-dimensional length change along 
the spine, and linear displacements at two bilateral markers (finger with respect to pelvis, 
shoulder with respect to thorax) and one unilateral, virtual marker (atlanto-occipital joint with 
respect to thorax).  Joint rotations included flexion/extension, abduction/adduction and 
internal/external rotation.  The spinal length changes were sacrum to AO, sacrum to C7, and 
sacrum to T12, and linear displacements were anterior/posterior, medial/lateral and up/down 
with respect to the reference segment.  
                                                 
9 Further investigation is required to determine whether the lack of statistically significant results produced by 
analysis of these data showed was due to technical difficulties experienced during the experiments.  
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EMG data were high pass-filtered (10 Hz) to remove offset, rectified and low pass filtered at 5 
Hz.  For each participant, low pass filtered EMG data, skin conductance and strain gauge were 
normalised to a robust estimate of the maximal value (90th percentile) from all their trials. 
 
For each trial (Tasks 2 to 7 from each of the six series), an “arm-raising event” was defined 
when the left finger marker was first raised 20cm above the origin of the pelvic segment.  For 
each kinematic and analogue quantity, a value was calculated summarising the mean value prior 
to raising the arm (PRE), and the mean sustained value after raising the arm, and during holding 
and/or playing the violin (RAISED).  Regarding the event as time zero, these mean values were 
calculated from the intervals -2 to -1 seconds and 1 to 8 seconds.  
 
This pre-processing allowed statistical analysis of 57 kinematic and 16 analogue variables, from 
three event-related conditions:  
1. Initial standing (PRE),  
2. Sustained playing (RAISED) and  
3. Transition between initial standing and sustained playing (RAISED minus PRE).  
On account of space, this report focuses mainly on the third of these conditions i.e. the transition 
between initial standing and playing. 
  
Statistical analysis 
Statistical analyses were carried out using IBM SPSS Statistics V. 19.  Statistical significance 
was accepted at p = 0.05.  The 57 kinematic and 16 analogue variables were subjected to 
principal components analysis to ascertain the dimensionality of the musculokinematic 
configurations and muscle activations/arousal across all trials from all 21 participants.  
 
The experimental design allowed investigation of the effect of the two factors of task demands 
(six levels of progression from biomechanical to playing with emotional content) and the 
intervention (six levels, Series A to F).  On account of space, this report focuses on the effect 
of intervention.   
Discriminant function analysis was used: 
i. to test for significant differences between each of the six series,  
ii. to establish the dimensionality of the significant differences between series,  
iii. to establish the multivariate distance between the series,  
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iv. for post hoc pairwise comparison of difference between series, and 
v. to establish the pattern of difference between the series (through the significant 
discriminant functions). 
For each variable, univariate ANOVA was used to compare mean values and test for significant 
differences between series.  Unless otherwise stated, values are reported as mean± standard 
deviation.  
 
27 
 
RESULTS 
 
The sustained changes in musculokinematic configuration and muscle activity involved 
in raising, supporting and playing the violin 
Observation shows a mean musculokinematic pattern common to all participants, featuring 
movement of the whole body, particularly the head, shoulder and torso, in raising, supporting 
and playing the violin i.e. the transition from standing to playing configuration.   
Figure 2 and Motion File 1 summarise 105 trials from 21 participants in Tasks 3 to 7 of Series 
A, in which participants were playing their own instrument without any intervention.  The 
pattern common to all participants, which can be observed and verified through close 
observation of the movie is described below:  
i. As participants begin to raise the left hand past the anterior pelvic marker and prior to 
turning the violin to move the tailpiece towards the shoulder (frames 165-249), the head 
of the humerus is retracted relative to the torso by 1cm, and the torso itself axially rotated 
anticlockwise relative to the laboratory when viewed from above by 1.2 degrees.  
Lumbar lordosis is increased by 1.2 degrees.  
ii. As the violin is put onto the left shoulder and secured into position just before playing 
begins (frames 250-540), the head of the left humerus is pulled forwards relative to the 
torso by 2cm, upwards by 2cm when viewing participants’ left side and medially 
0.8cm when viewing the front of participants.  At the same time, the torso is twisted by 
approximately 9.5 degrees axially clockwise when viewed from above.  
iii. At the same time as the violin is turned, the head is extended at the atlanto-occipital joint 
by 9.5 degrees10 (frames 215-275), turned to the right (axially rotated clockwise relative 
to the laboratory) by 8 degrees (frames 215-300) then turned to the left (axially rotated 
anticlockwise relative to the laboratory) by 6 degrees from zero, and moved forwards 
by 1.7cm and down by 1cm onto the chin rest such that the neck is shortened on the left 
side, and the upper back rounded.   
This configuration is maintained as the participant begins to play. 
 
                                                 
10 most chin rests have a raised portion which the chin has to be lifted over as it is positioned onto the rest 
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The dimensionality of the musculokinematic transition from standing to playing 
There was considerable variation between participants and between trials in the change of 
configuration from standing to sustained playing.  For instance, some participants transferred 
their weight more onto one leg than the other, some elevated their shoulders more than others 
and so on.  Statistically, the dimensionality of the musculokinematic transition between 
standing and playing configurations described above can be defined as the number of 
independent variables required to explain the differences in the transition between trials.  
Principal components analysis (PCA) reduces the dimensionality of the original 57 variables 
by using combinations of them to construct new independent variables to explain the variation 
between trials.  Figure 3a (page 52), (i) shows that 21 new independent kinematic variables are 
required to explain 80% of the variation between trials and Figure 3a (ii) shows the contribution 
made by the 57 variables to the first two new independent variables (i.e. Components 1 and 2).   
 
Both figures demonstrate that the dimensionality of the characteristic musculokinematic 
transition between standing and playing configurations is high.  That is, the changes in 
quantities (joint angles, joint rotations and distances moved), is not consistent between trials or 
between participants.  (If dimensionality were low, it would be possible to summarise all of the 
variables i.e. all the variation between trials, with one or two new variables).  In contrast, 
entering the 15 values for the analogue data (EMG and skin conductance) into PCA yields 10 
independent kinematic variables with all but one of the 15 original variables contributing 
similarly (Figure 3b).  In other words, activity in all the muscles recorded using EMG increased 
during the transition from standing to sustained playing configurations, the exception being the 
left lower trapezius muscle which showed a decrease in activity.  When the same analysis was 
carried out for each participant, 8±1 variables were required to explain 80% of the variation in 
the data. 
 
The effect of interventions on the musculokinematic pattern of transition between initial 
standing and sustained playing configurations  
Discriminant function analysis (DFA) was used to determine whether there were any systematic 
statistically significant differences between any of the series in the musculokinematic transition 
between standing and playing.  In other words, overall, did the interventions make any 
difference to the way the participants carried out the transition from standing to playing 
configurations?  
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For the transition between standing and sustained playing configurations, DFA shows that there 
is a significant difference between series which can be explained by three independent 
significant discriminant functions (for discriminant functions 1, 2 and 3 respectively, Wilks’ λ 
0.73, 0.91, 0.97, df = 20, 12, 6, p <0.05, Table 1a, page 56).  Each discriminant function is 
constructed using variables entered into the analysis, and cumulatively explain 70.5%, 93.3% 
and 99.8% of the variation between series.  Because there are three significant discriminant 
functions, there are three independent dimensions to the difference between series11 i.e. there 
are three independent patterns of changes between the series which explain the differences. 
  
As well as indicating that there are significant differences in the musculokinematic transition 
from standing to playing, DFA identifies the extent and significance of difference between 
individual series.  The dendrogram illustrating multivariate distances between the series and 
their hierarchical ranking (Figure 4A, page 53) shows that the primary difference lies between 
Series F and all the other series.  Between the remaining series, the greatest difference lies 
between Series (A, B) and (C, D, E).  Series E is most similar to Series F.  The pairwise group 
comparisons (Table 2, page 57) show the size of the differences between series and, the 
statistical significance.  The F statistic12 confirms that the primary difference lies between Series 
F and all the other series, and then between Series E and each of Series A, B, C and D.  Figure 
4B, C and D showing the first discriminant function difference between series (i.e. the first of 
the three independent patterns which explain the difference between the series) illustrates that 
the differences between series are progressive.  That is, the difference from Series A increases 
progressively through Series B to F. 
 
Further to identifying the significant differences between series in the musculokinematic 
transition from standing to playing, DFA indicates the quantities best associated with those 
differences.  The standardised canonical coefficients (Table 1b, page 56) refers to variables that 
have been normalised (by subtracting the mean and dividing by the standard deviation) such 
that each has mean of zero and a standard deviation of one, and is therefore equally weighted 
in the analysis.  In short, the standardised canonical coefficients indicate the importance of each 
                                                 
11 Whereas PCA quantifies the dimensionality of the musculokinematic transition from standing to playing 
between trials, DFA quantifies the dimensionality of the differences in musculokinematic transition from 
standing to playing between series. 
12 The F statistic is the ratio of variation between the series divided by the variation within the series shows the 
size of the difference.  That is, what is the size of the differences between the series and how does it compare to 
the variation that occurs naturally within the series.  The larger the F statistic, the greater the difference. 
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variable to the DFA.  Thus, Table 3, (page 58) shows the standardised canonical coefficients of 
the four variables used to construct each of the discriminant functions.  The first variable entered 
into the analysis is the single variable which most powerfully accounts for the difference 
between series.  The second variable entered is the one which, in combination with the first, 
makes the greatest contribution to explaining the difference between series, and so on.  For 
example, as the first variable entered into the analysis, the right shoulder in dimension 2 
(flexion/extension) most powerfully accounts for the difference between the series.  As the 
second variable entered into the analysis, the atlanto-occipital angle dimension 1 adds the most 
in terms of explaining the variance between series of all the variables.  
 
In presenting the correlation between each of the 57 kinematic variables and 16 analogue 
variables and the independent discriminant functions, the structure matrix (Table 3) indicates 
the importance of each of the variables in the analysis.  Hence, for the musculokinematic 
transition from standing to playing, the variables most highly correlated with the difference 
between series are dominated by the right arm/shoulder.  Mean values for the 15 transition 
variables most highly correlated with the first independent discriminant function diminish 
progressively through Series A to F (Figure 5a and b, page 55).  Included in the first 10 of these 
15 most highly correlated variables, are the four used in the analysis to construct the 
independent discriminant functions (Table 3), each of which is the first of a group of variables 
which have similar effects in terms of the variance between series explained (Table 4, page 59).  
These four variables can therefore be taken as proxies for that group of variables.  Figure 5c 
shows that mean values for the changes in the analogue variables (i.e. the EMG and skin 
conductance values) between standing and playing configurations decreased between Series A 
and F.  In other words, with the exception of the left lower trapezius, muscle activity and skin 
conductivity decreased. 
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DISCUSSION 
 
Through study of sixteen violinists and five viola players, raising, supporting and playing their 
instruments, repeated through five tasks increasing in demand from purely biomechanical to 
playing music with emotional content, and six series, including normal playing (A), two 
interventions (E, F) with three necessary control series (B, C, D), the following results have 
been firmly established without ambiguity.   
 
1. Prior to intervention, in normal playing (Series A), there was a mean musculokinematic 
pattern in the transition from standing to playing configurations which was common to all 
participants, incorporating the whole body, while featuring the head, neck, shoulder and 
torso (Figure 2, page 51, Motion File 1). Twenty-one principal components were required 
to explain 80% of the variance in the kinematic variables between trials, indicating that the 
transition from standing to sustained playing had high dimensionality across and within 
individuals (Figure 3, page 52).  
 
2. Not all of the elements of the characteristic musculokinematic pattern of transition were 
necessary to raising, supporting or playing the violin.  In both the ultrasound and verbal 
interventions (Series E and F), there were systematic differences in the pattern which in 
general, were associated with reductions in muscle activity and skin conductance, and 
changes in kinematic variables, in particular, the atlanto-occipital, right and left shoulder, 
right elbow and right wrist joints, and the relationship of the neck to the thorax (Figures 3 
and 4 and Tables 1-4).  Since all participants were successful in completing each of the 
tasks during these interventions, i.e. raising and supporting the violin, and playing a scale, 
a study and a piece of music, it follows that not all elements of the movements made in 
Series A (i.e. prior to the interventions) were necessary.  
 
3. Both the ultrasound and verbal interventions provided systematic methods by which 
unnecessary elements of the pattern of transition can be reduced/eliminated.  Both were 
successful in indirectly enabling all participants to reduce elements of the pattern of 
transition in Series E and F, compared to Series A.  These reductions were achieved in the 
ultrasound intervention by asking the participants to minimise changes in shape of the neck 
muscles on the monitor image, and in the verbal intervention, by improving participants’ 
set-up in standing, and in raising and supporting the violin.  These improvements resulted 
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in a reduction in the extent to which the shoulders were elevated and the left shoulder pulled 
forwards, the head pulled forwards and down, the thoracic and lumbar spine curved, the 
torso twisted, the pelvis tilted, and the legs braced.  These reductions are reflected in 
changes in the kinematic variables (Figure 5, page 55). 
 
4. The ultrasound and verbal interventions were progressively efficacious in enabling 
participants to reduce unnecessary elements of the pattern of transition.  The changes 
brought about by the ultrasound intervention (Series E) and described above (3) was a 
downscaled version of the pattern achieved by the verbal intervention (Series F).  
Discriminant function 1 accounted for 70% of the variance between series and provides 
group mean values which were progressive through Series A, E and F (Table 1a, page 56).   
 
Though not reported here, similar trends to all those described above were found when data for 
the sustained playing (RAISED) portions of the trials, were analysed.  
 
On the basis of these results, the following questions are discussed:  
 
(i) what is the physiological significance of the changes achieved by ultrasound and verbal 
interventions,  
(ii) what are the potential consequences of sustained unnecessary musculokinematic activity? 
(iii) why do violinists and viola players sustain unnecessary configurations and activity?  
(iv) what is the appropriate method for solving playing-related problems? 
 
(i) the physiological significance of the changes achieved by ultrasound and verbal 
intervention 
The reduction in muscle activities between Series A to F mean that standing, raising and 
supporting, and playing the violin would have been more economical in terms of effort used 
and thus in theory, easier.  
 
The overall reduction in skin conductance through the series demonstrates that the experimental 
procedures did not evoke anxiety or stress in participants.  Skin conductance measures 
sympathetic arousal, which is known to diminish with increased familiarity, and reductions in 
stress or anxiety, and increase with surprise, fear or anxiety (Dawson et al., 2007).  The 
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increased conductance in Series C reflects an increase in arousal in response to carrying out the 
tasks whilst looking at the side of the ultrasound monitor, which, even though the rationale was 
explained, was potentially a curious request.  Series C was also the first intervention, albeit a 
control.  Skin conductance decreased again in Series D, E and F 
 
In both Series E and F, there were reductions in elements of the musculokinematic pattern of 
transition from standing to playing configuration.  The principle of these interventions was 
minimisation of a priori selections rather than achieving or maintaining a particular position.  
Participants were being asked via indirect method to reduce unnecessary kinematic activity, 
rather than to keep the head still or the shoulder down, for instance.  Even so, given that Series 
E and F involved implementing something new, one might expect participants’ playing to be 
adversely affected, at least in the first instance.  However, to the eyes and ears of the external 
observers, this was not the case.  On the contrary, for a number of participants, performance 
was noticeably improved.  In time, the recordings will be subjected to formal analysis by 
independent blinded listeners.  
 
(ii) the potential consequences of sustained unnecessary musculokinematic activity 
As with any task, musical or otherwise, sustained configurations and muscle activities that are 
not essential to performance, have potential to impair that performance and be harmful in both 
the short and long term.   
 
Increased fatigue, risk of injury and reduced endurance  
This study shows that violinists tend to support their instrument by raising and pulling forwards 
the left shoulder (regardless of whether the shoulder and chin rest combination is adequate).  In 
this position the joint is fixed at or near end of its range and cannot move as it may need to 
temporarily in response to changes in the positions of the fingers, hand, wrist and elbow when 
playing in different parts of the fingerboard.  With respect to playing any musical instrument, 
unnecessary sustained muscle activities result in joints being sustained in extreme positions, 
which may lead to earlier onset of fatigue, a reduction in endurance, and an increased risk of 
injury (Blum and Ahlers, 1994, LeVine and Irvine, 1984, Levy et al., 1992, Brandfonbrener, 
2010) which can accumulate over time via the feedback loop.  
 
Control of movement occurs along a “kinematic chain” of body segments with control of the 
distal parts dependent upon support from the proximal parts (Brukner and Khan, 2012).  Fine 
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control of the arm and hand requires appropriate support from the scapula-thoracic girdle 
(Ackermann, 2010b, Tubiana et al., 1989, Szenda and Nemessuri, 1971).  However, a shoulder 
fixed into an elevated and anterior position through excess muscular effort, is restricted in its 
possibilities to provide that support.  The arm and hand may therefore need to compensate and 
potentially, be put under undue stress which, as well as increasing the risk of injury, limits what 
is possible.   
 
Reductions in flexibility and problems with repetition 
The upper body kinematic chain extends from the neck and trunk through the upper arm, 
forearm, wrist, hand, fingers.  A position at the distal end of the chain, the position of a finger 
for example, can be achieved by many configurations and muscle activation patterns within the 
proximal segments.  However, a priori specification at the proximal end reduces options for 
achieving the end result.  Specification at the proximal end in consequence of specification at 
the end effector, or a more distal variable, such as sound quality, facilitates options.  
 
Lack of flexibility and facility limit not only ability to play certain repertoire but also musical 
expression and flexibility in performance.  A performer who has only one way of playing their 
instrument, or a passage of music, cannot be spontaneous either with respect to their own 
performance or that of others.  Thus, if the tempo of a particular passage of music varies in 
concert compared to rehearsal, a player with only one way of playing may be unable to adapt.  
 
Repetition, as well as continually loading the same structures and increasing the risk of injury, 
can have a negative impact on neuroplastic processes.  Movements made in the course of any 
activity provide an input to the nervous system and repetitive movements that are low in 
dimensionality, and are synchronised and attended, in principle lead towards non-specific 
repetitive strain-type symptoms and focal dystonias (Byl et al., 1996, Ackermann, 2010b, Blake 
et al., 2002).  A greater variety in muscle activity patterns and approaches to practice are both 
considered to be helpful in avoiding such problems and improving efficiency of practice (e.g.  
Fischer, 2004, Fjellman-Wiklund et al., 2003).  
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(iii) why do violinists and viola players sustain unnecessary configurations and excess 
muscular activity?  
Unnecessary musculokinematic patterns and excess muscular activity are learned over time in 
the process of learning to play.  When first learning a skill (i.e. a new technique, piece of music 
etc), players restrict the range of movement possibilities of the joints and begin coordinating 
the movements necessary, by using stiffer and more rigid movements than is ultimately 
required.  That is, they tend to use more muscular effort than necessary, and larger muscle 
groups (Bernstein, 1967, Moore et al., 2008).  Generally, mechanical efficiency improves with 
proficiency such that performers are expected to reach the optimum or ideal within their 
individual anatomical and physiological constraints.  However, if that learning process ceases 
for any reason, performers tend not to progress beyond the point they have reached which may 
include using excess effort.   
 
The principle of redundancy as outlined earlier, means that there are many ways of achieving 
the same movement, as demonstrated in violin playing for instance by the existence of various 
“schools” of technique (e.g. Hoppmann, 2010, Wynn Parry, 1998a) and several studies of the 
biomechanical components of string playing (e.g. Berque and Gray, 2002, Tulchinsky and 
Riolo, 1994, Fjellman-Wiklund et al., 2004).  So, in the course of learning, one method of 
executing each component of a skill must be selected over the many other possibilities.  The 
method selected, may not be the most efficient, but, if the particular goal is achieved (using a 
particular finger or bowing technique, playing a passage and so on), that same selection will 
likely be made the next time the task is undertaken.  Whereas in the initial stages of learning, 
executing the task in question requires a good deal of attention, with repetition and increased 
competence, and as attention is increasingly paid to other aspects of playing (the musical 
interpretation for instance), the process will tend to become automated (Tubiana, 1988), 
including the selection processes.  In effect, the performer has ceased to learn, at least as far as 
that particular skill is concerned. 
 
However, as discussed above, any particular execution of a task (in this case, the way the 
violinist has learned to play), may have consequences in the short and long term, of which, 
because the task has become automated, the performer is unaware (Wynn Parry, 2004, de 
Araújo et al., 2009).  He/she may not even be aware that there is a selection process, that 
selections are being made continuously throughout any activity, or that other options are 
available (i.e. that there is a choice).  The selections made and their consequences are fed back 
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into the loop, being analysed along with all the other internal and external stimuli, influencing 
the selections as they are made (for instance, adjusting the degree of tension in the hand and 
arm during playing as the sound produced is monitored) and, in the future, and thus becoming 
amplified.  In other words, the less than ideal way of playing becomes part of the performer’s 
perception of playing and integral to the mechanics.  When problems occur as a result of faulty 
perceptions, selections and thus, mechanics, players may have little or no idea as to the cause 
or the solution, because they are not aware of what they are doing that is causing the problem, 
or even that it is what they are doing that is causing the problem.  This is true of technical 
problems as well as the “injuries” they can sometimes underlie (Wynn Parry, 1998a, 
Hoppmann, 2010).  At the end of the recorded laboratory experiments, almost all participants 
took the opportunity to observe the computer-generated model of themselves playing in real 
time.  None had previously been aware of the movements that they were making during playing 
and yet when shown the recorded movies of themselves, all could see those movements and the 
changes they made to them during the verbal intervention (Series F) compared to the normal 
playing (Series A). 
 
In terms of the perception-selection-action feedback loop (see literature review and 
introduction), repetition of unnecessary musculokinematic activity can accumulate in a way 
that may lead to reduced facility, endurance and flexibility, and an increased risk of developing 
playing-related problems, all without the performer’s awareness.   
 
(iv) what is the appropriate method for solving playing-related problems?  
Conventional approaches to solving playing-related problems generally focus on the specific 
musculoskeletal aspects and include rest, physical and other therapies such as osteopathy, 
acupuncture, muscle strengthening and other exercise regimes (e.g. Pilates), movement and 
relaxation disciplines (Feldenkrais, yoga), ergonomic adaptations (e.g. altering the interface of 
the instrument), and addressing specific aspects of technique (for review see Hoppmann, 2010).  
Whilst any one or combination of these may be beneficial in treating the symptoms of a 
problem, unless they address the cause also, they may be only partially successful (e.g. 
Steinmetz et al., 2008).  It is recognised that most problems come about as a result of a number 
of factors acting synchronously, that the “whole person” must be assessed and, that  a 
multidisciplinary approach is essential (e.g. Ackermann, 2010b, Blum and Ahlers, 1994, 
Brandfonbrener, 2010, Winspur and Wynn Parry, 1997).  However, greater understanding of 
the mechanism by which problems can develop at a system-level would enable their prevention.  
37 
 
In particular, it is the performer’s imperfect perception of what is involved in playing that makes 
change difficult because a priori perceptual-motor selections are made even before the 
instrument is approached.  These selections are made because of the overall meaning of playing 
to the performer and will be different from those made by another.   
 
This study is about removing the a priori selections that are made, without conscious choice, 
each time a particular activity is even thought of, let alone before it is undertaken.  In breaking 
the feedback loop at the point of selection, the procedures tested are intended to prevent default 
patterns of perception, motor selection and performance execution that place limits on the 
performance itself.  Once that loop is broken, the performer is in a position to select a different 
and more appropriate method of performance, which can be learned if necessary. 
 
External feedback is required that demonstrates that percept is imperfect, whilst not involving 
the player trying to change what he/she is doing using that same imperfect a priori perception.  
For instance, a performer may observe themselves as they play, either visually or 
proprioceptively, but be unable to see that they are doing anything untoward simply because 
they are playing in the way that they always do, which seems perfectly right and familiar to 
them, precisely because it fits in with their perception of playing.  Likewise, maintaining a 
particular posture or position, or undertaking exercises to improve posture are unlikely to be 
successful unless the players’ underlying perception is changed.  In order to change their 
playing, they must change their perception of playing (Wynn Parry, 1998a). 
 
The ultrasound and verbal feedback interventions tested the process of indirect inhibitory 
feedback.  Any feedback given should simplify and facilitate a task rather than complicate it 
and present additional demands.  That is, the feedback should support the task by simplifying 
the manner in which it is achieved and reducing elements that interfere with performance.  An 
example of unhelpful feedback might be “do it like this” which potentially reinforces a 
particular repetition of an action and, can result in the player tensing up in a bid to try and do 
whatever it is, in the particular manner directed.  Given the anatomical and physiological 
variation between individuals, there is no single best way of playing any instrument which suits 
all (Hoppmann, 2010, Wynn Parry, 1998a).  An alternative and more helpful approach would 
be to understand the end goal, and identify and eliminate elements that in the individual 
concerned that are interfering with achieving that goal.  
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Just as the function/use of the shoulder determines the ability to control the arm and hand, so 
the neck is important in controlling movement of the rest of the body (Ackermann, 2010b, 
Szenda and Nemessuri, 1971).  Therefore, from a mechanical point of view, pre-setting of the 
muscles of the neck using more muscular effort than is required, will result in pre-setting of 
what is possible in terms of movement of the shoulder, arm and hand.  The ultrasound 
intervention (Series E) reduced the neck muscle activation and head movements to those 
compatible with the task of raising and playing the violin to all levels of demand (from 
biomechanical to full emotional content), and eliminated those which were not.   
 
The scope for the verbal feedback intervention (Series F) was wider than that for the ultrasound 
in that a priori selection was also considered as proximal to the act of raising and playing the 
violin.  Regarding the ground as the most massive proximal segment, controlling position of 
the legs a priori restricts the adjustments of balance possible when raising and playing the 
violin.  Hence, in addition to minimising prior movements in the upper body, verbal feedback 
given sought to minimise “pre-setting” resulting from stiffening in the legs.  Feedback given was 
at the level of movement rather than muscles, and involved reducing rather than increasing, the 
number of things for the participant to do.  Although some participants were more receptive than 
others, all were able to play and all reduced the unnecessary movements and muscle activities to 
a greater extent than in Series E.  The reasons for the larger effect of Series F cannot be precisely 
resolved but are likely to include the wider scope and more specific nature of the feedback and a 
possible cumulative effect from the previous series i.e. participants almost certainly would have 
taken on board some of what been learned in the previous series.   
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CONCLUSION 
 
Twenty-one violinists/violists repeated seven progressively demanding playing tasks in six 
series involving two interventions - ultrasound and verbal feedback - based on principles of 
minimising task-irrelevant a priori selections, with necessary controls.  Violin and viola players 
exhibit a common, diagnosable whole-body musculokinematic pattern that is unnecessary for 
performance and associated with chronic profession-limiting injury.  External feedback, 
targeted at minimising individual a priori musculokinematic selections unnecessary for 
performance proved efficacious in achieving individual change.  This methodology has 
potential for reducing problems resulting from accumulative feedback of “bad” selection within 
a perception-selection-action feedback cycle, including limitations in performance, sensory 
input predisposing occupational dystonia, and profession-limiting injury. 
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FIGURES 
 
 
 
Motion File 1: Normal raising, supporting and playing the violin. 
The following movies show the transition from initial standing to sustained playing configuration.   
 
1_Transition_Mean_SeriesA_SagitalView  
2_Transition_Mean_SeriesA_EnlargedSagitalView 
3_Transition_Mean_SeriesA_EnlargedFontalView 
 
4_Transition_Mean_SeriesF_SagitalView  
5_Transition_Mean_SeriesF_EnlargedSagitalView 
6_Transition_Mean_SeriesF_EnlargedFontalView 
 
Movies 1 to 3 show the mean of 105 trials from 21 participants in Tasks 3 to 7 of Series A in which 
participants were playing their own instrument without any intervention.   
 
Movies 4 to 6 show the mean of 105 trials from 21 participants in Tasks 3 to 7 of Series F in which 
participants were playing the laboratory violin13 having been given verbal feedback.  
 
Each trial was sampled from 2s prior to, through to 10s after the event in which the left hand was raised 
20cm above the pelvis. 
 
 
 
 
 
                                                 
13 (four of the viola players used their own instrument) 
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Figure 1: The perception-selection-action feedback loop:  
Sensory analysis: internal and external sensory stimuli is interpreted, and in a largely involuntary process, the nervous system generates multiple possible responses.  Response 
selection: in a continuous, centralised and largely non-conscious process controlled by the basal ganglia, most of the possibilities generated are inhibited and a selection is 
made as to how the task in question is carried out.  Response execution: the selected means of performing the task is translated into muscle activation patterns by the cerebral 
motor cortex, the cerebellum, the brain stem and the spinal cord.  Performance: forces are generated and movement occurs.  The performance itself (how, or how well the 
task is performed) feeds back into the sensory analysis process and thus, becomes part of the response selection process.  This cycle of perception, selection, action and 
feedback is largely involuntary, but continuous (van de Kamp et al., 2013, Frank, 2011).   
  
Sensory analysis
perception/cognition/
generation of possible responses
Action selection
response selection/planning
Response execution
muscle activation patterns
Performance
movement/muscle environment mechanics
Sensory information 
(external)
Sensory information 
(internal)
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Figure 2 (for legend, see below) 
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Frame 1 Frame 250 Frame 300 Frame 450 Frame 550 
 
Figure 2: The transition from initial standing to sustained playing configurations  
Selected frames from the mean trial for 105 trials from 21 participants in Tasks 3 to 7 in Series A, in which participants played their own instrument with no interventions 
Top Row: Left lateral view: Bottom Row: Anterior view 
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Figure 3: The multivariate variation between trials in the transition from standing to playing.   
The musculokinematic transition between standing and sustained playing configurations is described by 19 
kinematic variables, each with three dimensions (top row) and 16 analogue variables (bottom row) including 
muscle activities and skin conductance.  This figure shows analysis of the variation in kinematic/analogue 
variables between 630 trials from 21 participants each carrying out six series of five tasks into independent 
principal components.  
A and C: Percentage variation between trials explained by the principal components. 
B and D: Weighting of variables (blue lines) and trial scores (red dots) within principal components 1 and 2. 
In contrast to the kinematic variables (top row), the analogue variables are relatively aligned. with the exception 
of left lower trapezius (to the left of zero, obscured by the red dots) which decreases in activity when other muscles 
increase. 
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Figure 4: The multivariate difference between normal playing and intervention trials  
The musculokinematic transition between standing and sustained playing configurations is described by 19 
kinematic variables, each with three dimensions and 16 analogue variables including muscle activities and skin 
conductance.  This figure shows discriminant function analysis of the multivariate difference between normal 
playing trials (Series A) and intervention trials (Series B to F).   
A: Dendrogram showing the hierarchical rankings and differences between series (multivariate Mahalanobis 
distance).  
B, C, D: Shows respectively the discriminant function scores from Series A to F for the three significant 
discriminant functions.  
The first discriminant function (B) explains most (70%) of the variance between series and the difference is 
progressive from Series A through to Series F.  Red indicates series which are significantly different from Series 
A (blue). 
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Figure 5 (see below for legend) 
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D 
Figure 5: The mean values of kinematic and analogue variables during normal playing and 
intervention trials  
Stepwise discriminant function analysis of the kinematic and analogue variables for the transition between 
standing and playing configurations; mean values from Series A to F (left to right) for the 15 kinetic variables 
and analogue variables most highly correlated with the first independent discriminant function (A) joint 
angles (degrees); (B) distances with respect to thorax (metres); (C) EMG data (volts) for upper body;  
D: EMG data (volts) for lower body and skin conductance. Mean values normalised as the change relative to 
Series A. Variables used in the discriminant function analysis marked with an asterisk (Table 2, page 57).  
The numerical labels for A and B indicate the absolute values for Series A. 
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TABLES 
 
 
Table 1: Discriminant function analysis of kinematic and analogue data for transition from standing to 
playing configuration: Summary of Canonical Discriminant Functions:  
a) Wilks’ λ, cumulative percentage of variance explained;  
b) standardised canonical discriminant function coefficients  
 
 
a)  Function 
 1 2 3 4 
Wilks’ λ 0.734 0.908 0.975 0.999 
Df 20 12 6 2 
Significance 0.000 0.000 0.013 0.802 
Cumulative % of variance explained 70.5 92.3 99.8 100.0 
 
b)  
R shoulder angle (2) 0.760 0.242 0.104 0.606 
Atlanto-occipital angle (1) -0.236 0.953 0.304 -0.145 
L shoulder with respect to thorax (3) -0.534 -0.155 0.550 0.646 
Neck/thorax angle (1) 0.444 0.065 0.794 -0.528 
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Table 2: Pairwise group comparisons showing the size of the differences between series and whether or 
not they are significant. 
 
  Series 
Series  B C D E F 
A F statistic 0.702 9.284 2.995 8.985 27.342 
Significance 0.591 0.000 0.018 0.000 0.000 
B F statistic   8.308 1.879 5.388 23.697 
Significance   0.000 0.113 0.000 0.000 
C F statistic     2.804 4.642 20.640 
Significance     0.025 0.001 0.000 
D F statistic       3.098 23.294 
Significance       0.015 0.000 
E F statistic         13.798 
Significance         0.000 
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Table 3: Variables used in the analysis 
Discriminant function analysis of kinematic and analogue data for the transition from standing to playing 
configuration: Wilks’ λ for variables used in the analysis  
 
 
Step Variable Tolerance F to Remove Wilks' λ 
1 R shoulder angle (2) 1.000 15.776   
2 R shoulder angle (2) 0.999 15.922 0.921 
Atlanto-occipital angle (1) 0.999 10.833 0.888 
3 R shoulder angle (2) 0.998 14.649 0.862 
Atlanto-occipital angle (1) 0.991 11.231 0.841 
L shoulder with respect to thorax (3) 0.992 7.345 0.817 
4 R shoulder angle (2) 0.987 15.943 0.828 
Atlanto-occipital angle (1) 0.928 9.269 0.789 
L shoulder with respect to thorax (3) 0.972 8.257 0.783 
Neck/thorax angle (1) 0.901 6.332 0.771 
 
 
  
59 
 
Table 4: Structure Matrix 
Discriminant function analysis of kinematic and analogue data for the transition from standing to playing 
configuration.  Structure matrix showing correlations between variables and the independent discriminant 
functions which explain the differences between the series.  Significant correlations are shown in bold.  
Variables directly below those used in the analysis (shown in bold) have a similar effect in terms of their 
contribution to explaining the differences between functions. 
 
 
  
Variable 
Function 
1 2 3 4 
Right shoulder angle (2) 0.713 0.272 0.009 0.647 
Right shoulder with respect to thorax (3) -0.566 -0.286 0.047 -0.251 
Right elbow angle (1) 0.557 0.231 0.020 0.436 
Right elbow angle (2) 0.514 0.080 0.012 0.468 
Right upper trapezius (EMG) 0.333 0.024 -0.138 0.144 
Left shoulder with respect to thorax (1) -0.274 -0.171 0.172 0.081 
Right vastus medialis (EMG) 0.115 -0.003 -0.025 -0.046 
Right vastus lateralis (EMG) 0.112 0.048 -0.054 -0.013 
Left knee angle (1) -0.086 -0.031 0.009 0.056 
Left vastus medialis (EMG) 0.082 -0.048 0.016 0.005 
Left lower trapezius (EMG) -0.079 -0.031 0.037 -0.022 
Left vastus lateralis (EMG) 0.078 -0.041 0.011 -0.009 
Left upper trapezius (EMG) 0.078 0.006 0.074 -0.035 
Left knee angle (3) 0.060 0.032 -0.006 -0.023 
 
Atlanto-occipital angle (1) 
 
-0.278 
 
0.958 
 
0.049 
 
-0.042 
Atlanto-occipital with respect to thorax (1) -0.087 0.639 0.099 -0.252 
Atlanto-occipital with respect to thorax (3) 0.183 -0.615 -0.064 0.209 
Neck-thorax angle (2) 0.110 -0.597 -0.056 0.149 
Length of spine (1) -0.110 0.472 -0.057 -0.183 
Atlanto-occipital angle (3) 0.240 -0.384 0.142 -0.214 
Atlanto-occipital angle (2) -0.071 0.377 -0.202 0.248 
Left shoulder angle (2) 0.253 0.307 -0.038 -0.191 
Right hip angle (2) 0.065 -0.268 0.143 0.016 
Length of spine (3) 0.101 0.229 -0.091 -0.015 
Left hip angle (2) 0.185 -0.215 -0.010 -0.158 
Thoraces-pelvic angle (2) -0.055 -0.165 0.143 -0.124 
Left semimembranosus (EMG) -0.019 0.136 -0.097 0.048 
Left gastrocnemius (EMG) 0.010 0.128 0.010 -0.016 
Left tibialis anterior (EMG) 0.056 0.102 0.046 -0.055 
Left elbow angle (2) 0.047 -0.069 -0.001 -0.058 
Right tibialis anterior (EMG) -0.007 0.065 -0.001 0.010 
Left elbow angle (1) -0.012 -0.049 -0.045 0.012 
     
Neck-thorax angle (1) 0.332 -0.240 0.790 -0.456 
Atlanto-occipital with respect to thorax (2) 0.209 -0.280 0.695 -0.293 
 
(cont’d below) 
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Table 4 (cont’d) 
 
 
  Function 
Variable 1 2 3 4 
Left shoulder with respect to thorax (3) -0.460 -0.235 0.648 0.560 
Neck-thorax angle (3) -0.307 0.407 -0.614 0.435 
Right shoulder angle (1) 0.186 0.064 -0.334 0.275 
Right sternocleidomastoid (EMG) 0.089 -0.010 -0.302 -0.196 
Left elbow angle (3) -0.006 0.077 0.281 0.052 
Left shoulder angle (3) -0.170 -0.109 0.279 0.165 
Thoraces-pelvic angle (1) -0.052 -0.028 -0.262 -0.025 
Right shoulder angle (3) 0.044 -0.004 0.230 0.053 
Right shoulder with respect to thorax (1) 0.061 -0.003 -0.227 -0.128 
Left wrist angle (2) -0.049 0.023 -0.216 0.046 
Length of spine (2) 0.148 -0.093 -0.168 0.110 
Right knee angle (2) 0.083 0.139 -0.147 -0.029 
Right hip angle (3) 0.027 -0.008 -0.138 -0.113 
Left wrist angle (3) 0.051 0.015 0.136 -0.005 
Right ankle angle (2) -0.091 -0.021 -0.127 -0.067 
Right knee angle (1) 0.080 0.066 -0.109 -0.100 
Right shoulder with respect to thorax (2) 0.471 0.317 -0.095 0.474 
Right elbow angle (3) -0.144 -0.063 -0.095 -0.333 
Right wrist angle (1) -0.203 -0.121 0.021 -0.320 
Left shoulder angle (1) -0.123 -0.055 0.225 0.305 
Right wrist angle (3) 0.166 0.122 0.011 0.269 
Right wrist angle (2) -0.181 -0.099 -0.001 -0.245 
Thoraces-pelvic angle (3) 0.041 -0.064 0.219 0.234 
Left hip angle (1) -0.074 -0.051 0.046 0.221 
Left knee angle (2) -0.029 0.138 -0.029 0.213 
Right lower trapezius (EMG) 0.185 0.065 -0.155 0.201 
Right hip angle (1) -0.117 -0.036 0.054 0.195 
Left shoulder with respect to thorax (2) -0.095 -0.064 0.179 0.194 
Right semimembranosus (EMG) 0.023 0.163 -0.089 0.171 
Right ankle angle (3) 0.076 -0.009 -0.019 -0.158 
Left ankle angle (2) -0.110 0.015 -0.026 0.144 
Right ankle angle (1) -0.108 -0.019 0.011 0.139 
Right gastrocnemius (EMG) 0.105 0.013 -0.015 -0.106 
Left ankle angle (3) -0.012 -0.086 -0.014 -0.099 
Left ankle angle (1) 0.017 0.078 0.042 0.081 
Left wrist angle (1) -0.001 0.025 -0.004 0.075 
Right knee angle (3) 0.011 0.051 0.012 0.063 
Skin conductance  0.015 0.044 0.031 -0.059 
Left hip angle (3) 0.018 0.007 -0.032 0.042 
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APPENDIX 
 
Figure A6: The recruitment advertisement circulated by email and/or placed on notice boards by contacts in music 
colleges, university music and other departments, and several professional orchestras and amateur orchestras, and 
to members of the mailing list of a national performing arts medicine clinic. 
 
 
 
Violinists and viola players – would you like to find out more about how to optimise your 
playing? 
 
Postgraduate student and violinist Dr Alison Loram is looking for student, professional and 
amateur violinists and viola players for her study. 
 
The study, in collaboration with University College London and Manchester Metropolitan 
University, aims to understand more about the neuromuscular aspects of playing the 
violin/viola, and the effects that these may have upon musculoskeletal, and other playing-
related problems. 
Alison believes that violinists and viola players taking part will benefit from the insights gained: 
“You will have the opportunity to gain some insight as to how your neck and shoulders muscles 
are involved in supporting and playing your instrument, the bodily movements you make, and 
how these may be optimised to enhance your playing and reduce/prevent muscular tension”.  
The study is open to any student, professional or experienced amateur (regardless of whether 
or not you have playing-related problems), and will involve attending one individual 2-hour 
session during May, July/August or September.  The confidential session (to be held at 
Manchester Metropolitan University in Manchester City Centre near to the RNCM), will 
involve standing and playing your instrument for very short periods whilst your muscular 
activity and movements are recorded and analysed using ultrasound scanning and movement 
analysis equipment.  No preparation is required.   
 
Participation is voluntary and you can leave the research at any time. If you agree to participate 
in the study, you will be given a detailed information sheet and a consent form.  
 
For further details or to sign up for the study, please contact Dr Alison Loram 
alison@loram8.freeserve.co.uk or on 07866 987976. 
 
Please circulate this flyer/email amongst any family, friends or colleagues you think may be 
interested in participating. 
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Figure A7:  The position of the ultrasound probe taped to the neck from Series B onwards.   
Also shown are the EMG sensors used to record activity from upper and lower trapezius, and the reflective 
markers for C7, T3, T7 and T10. (An additional ultrasound probe attached to the left shoulder was trialled during 
the experiments though not reported here.  Data from both probes have yet to be digitised and analysed). 
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Figure A8: An excerpt from the study No. 2 by Rudolphe Kreutzer that participants were asked to play (Task 
4). 
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Table A5: Instructions given to participants as part of the verbal intervention (Series F) 
 
 
 
Instruction 
1. Stand with around 12cm between your heels and an angle of angle of approximately 45 
degrees between them from heel to toe. Make sure your weight is evenly distributed 
between both feet.   
 
2. Move your left foot forwards 3-4cm so that the heel of your left foot is approximately 
level with the instep of your right foot.  Check that your weight is evenly distributed 
between your feet. 
 
3. Lower your gaze to look at a point on the floor around a metre in front of you and allow 
your head to follow (demonstrating that the head pivots on the atlanto-occipital joint just 
behind the ears rather than at C7). 
 
4. Send the scroll of your violin up towards the ceiling until it is level with your left 
shoulder, then turn the violin and place the shoulder rest (where applicable) onto your 
shoulder, and let it rest there.  Don’t attempt to move it into a playing position or move 
your shoulder or head to support the violin yet14. 
 
5. Lift the scroll (of the violin) so that violin is angled upwards from tailpiece to scroll then 
raise your gaze slightly and let your head follow, turn your head a little to the left and let 
your gaze fall again and your head follow so that your chin comes onto the chin rest.  
Take your left hand away from the scroll, and let your arm fall by your side, at the same 
time thinking of allowing the weight of your head to come onto the violin and sending 
the scroll up  
 
6. Send your fingers up onto the fingerboard and allow your thumb to rest on the neck of 
the violin 
 
7. Bring the heel of the bow up to the string to play.   
 
 
                                                 
14 This instruction usually had to be repeated and demonstrated several times before the participant was able to 
put the shoulder rest onto the shoulder without bringing the shoulder up or forwards to meet it or moving the 
head to put the chin onto the shoulder rest 
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Table A6: The mean ( standard deviation) values of kinematic and analogue variables during normal playing and intervention trials  
 
Variable Series A  Series B  Series C  Series D  Series E  Series F  
Atlanto-occipital angle (1) -7.15 ± 8.28 -6.74 ± 5.93 -2.26 ± 6.08 -4.58 ± 4.54 -3.77 ± 4.78 -3.99 ± 4.65 
Atlanto-occipital angle (2) 0.54 ± 10.82 1.51 ± 9.94 3.94 ± 10.43 0.65 ± 8.23 0.51 ± 7.51 -0.02 ± 6.90 
Atlanto-occipital angle (3) 2.12 ± 6.00 0.95 ± 4.11 -0.43 ± 3.65 -0.26 ± 3.94 -0.67 ± 4.55 -0.12 ± 3.01 
Atlanto-occipital wrt thorax (1) -0.01 ± 0.01 -0.01 ± 0.01 -0.01 ± 0.01 -0.01 ± 0.01 -0.01 ± 0.01 -0.01 ± 0.01 
Atlanto-occipital wrt thorax (2) 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 
Atlanto-occipital wrt thorax (3) 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.00 0.01 ± 0.01 
L ankle angle (1) 2.07 ± 10.28 1.87 ± 8.37 -0.90 ± 16.51 1.79 ± 8.26 1.78 ± 7.73 0.47 ± 4.85 
L ankle angle (2) 0.48 ± 1.54 0.50 ± 1.92 0.39 ± 2.49 0.55 ± 1.44 0.30 ± 1.40 0.11 ± 1.11 
L ankle angle (3) -1.84 ± 9.12 -2.06 ± 8.79 0.50 ± 15.38 -2.40 ± 7.30 -1.80 ± 6.90 -0.70 ± 5.36 
L elbow angle (1) -75.40 ± 25.05 -76.71 ± 34.62 -72.12 ± 43.00 -77.55 ± 18.48 -82.12 ± 23.10 -74.53 ± 21.40 
L elbow angle (2) -12.90 ± 18.71 -14.94 ± 18.44 -13.45 ± 17.72 -12.11 ± 17.16 -13.62 ± 17.70 -13.10 ± 13.19 
L elbow angle (3) -96.11 ± 160.49 -73.50 ± 158.52 -49.60 ± 151.48 -83.11 ± 148.57 -90.80 ± 154.98 -98.83 ± 132.88 
L hip angle (1) 0.03 ± 1.91 0.07 ± 1.71 0.20 ± 1.62 -0.01 ± 1.07 0.15 ± 1.48 0.09 ± 1.19 
L hip angle (2) 1.16 ± 2.61 1.07 ± 2.39 1.05 ± 2.07 1.13 ± 2.03 0.82 ± 2.03 0.72 ± 1.96 
L hip angle (3) 3.10 ± 4.39 3.82 ± 11.08 3.04 ± 4.54 3.73 ± 6.60 1.28 ± 13.00 1.63 ± 2.86 
L knee angle (1) -0.09 ± 0.41 -0.11 ± 1.08 0.10 ± 1.82 -0.07 ± 0.80 -0.33 ± 1.57 0.03 ± 0.37 
L knee angle (2) 1.61 ± 4.12 1.35 ± 4.30 0.81 ± 3.87 1.25 ± 3.34 1.15 ± 3.01 0.38 ± 2.87 
L knee angle (3) -0.06 ± 1.69 -1.52 ± 13.02 -3.69 ± 29.57 -0.44 ± 6.77 -0.63 ± 17.81 -0.55 ± 2.11 
L shoulder angle (1) -14.51 ± 18.11 -19.62 ± 31.08 -16.78 ± 17.19 -17.91 ± 27.87 -19.34 ± 46.27 -18.86 ± 34.79 
L shoulder angle (2) 21.10 ± 6.51 21.59 ± 7.66 20.41 ± 7.31 20.84 ± 5.67 21.61 ± 7.55 20.33 ± 7.48 
L shoulder angle (3) 41.25 ± 16.74 34.97 ± 57.45 46.03 ± 28.92 46.47 ± 26.41 38.37 ± 44.95 38.19 ± 43.46 
L shoulder wrt thorax (1) -0.01 ± 0.01 -0.01 ± 0.02 -0.01 ± 0.01 -0.01 ± 0.01 -0.01 ± 0.02 0.00 ± 0.01 
L shoulder wrt thorax (2) 0.00 ± 0.01 0.00 ± 0.01 -0.01 ± 0.01 -0.01 ± 0.00 -0.01 ± 0.01 -0.01 ± 0.01 
L shoulder wrt thorax (3) -0.01 ± 0.01 -0.02 ± 0.01 -0.01 ± 0.01 -0.02 ± 0.01 -0.02 ± 0.01 -0.01 ± 0.01 
L wrist angle (1) -4.30 ± 9.75 -6.01 ± 12.38 -4.73 ± 10.58 -8.72 ± 16.84 -5.22 ± 10.74 -4.39 ± 10.69 
L wrist angle (2) -17.31 ± 23.10 -15.45 ± 22.52 -14.84 ± 21.86 -10.95 ± 24.71 -13.53 ± 20.14 -11.66 ± 15.56 
L wrist angle (3) 17.84 ± 11.23 20.24 ± 11.13 17.01 ± 18.55 15.47 ± 31.63 18.10 ± 11.89 18.89 ± 12.98 
Length spine (1) -6.61 ± 5.74 -5.51 ± 4.84 -5.41 ± 5.48 -5.52 ± 4.61 -5.15 ± 3.55 -5.10 ± 4.22 
Length spine (2) -0.25 ± 6.05 -0.87 ± 3.93 -2.06 ± 3.83 -1.39 ± 3.80 -1.95 ± 3.46 -2.06 ± 3.50 
Length spine (3) -4.75 ± 6.28 -3.99 ± 5.30 -4.37 ± 5.00 -4.15 ± 4.90 -4.29 ± 4.35 -4.30 ± 4.20 
Neck-thorax angle (1) 5.41 ± 3.83 4.72 ± 4.07 4.51 ± 3.51 4.56 ± 3.68 3.20 ± 2.73 3.48 ± 3.04 
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Neck-thorax angle (2) 1.75 ± 1.85 1.50 ± 1.90 0.65 ± 1.72 1.00 ± 1.41 0.92 ± 1.37 0.76 ± 1.22 
Neck-thorax angle (3) -17.71 ± 11.91 -15.65 ± 12.87 -13.92 ± 10.39 -14.36 ± 10.24 -10.65 ± 9.13 -11.82 ± 10.93 
R ankle angle (1) -0.02 ± 12.48 -1.83 ± 10.51 -0.18 ± 9.88 -0.24 ± 6.13 0.69 ± 4.24 0.62 ± 5.53 
R ankle angle (2) -0.27 ± 1.68 -0.02 ± 1.63 -0.09 ± 1.29 -0.10 ± 1.19 -0.15 ± 0.77 -0.05 ± 0.75 
R ankle angle (3) -1.46 ± 12.32 0.35 ± 9.83 -0.90 ± 9.46 -0.71 ± 5.70 -1.51 ± 4.26 -0.91 ± 5.05 
R elbow angle (1) 60.74 ± 30.16 62.59 ± 33.14 61.41 ± 33.62 61.10 ± 34.76 60.04 ± 35.00 30.88 ± 32.26 
R elbow angle (2) 25.57 ± 17.16 24.19 ± 16.25 23.57 ± 16.68 23.55 ± 15.58 21.20 ± 15.90 9.96 ± 12.76 
R elbow angle (3) -113.74 ± 148.26 -95.27 ± 147.60 -110.39 ± 151.36 -117.95 ± 162.60 -82.80 ± 149.67 -24.85 ± 111.58 
R hip angle (1) -0.37 ± 1.86 -0.27 ± 1.50 -0.30 ± 1.72 -0.30 ± 1.10 -0.32 ± 0.96 -0.08 ± 1.37 
R hip angle (2) 0.31 ± 3.11 0.01 ± 2.69 0.23 ± 2.77 0.44 ± 1.60 0.28 ± 1.73 0.50 ± 1.54 
R hip angle (3) 0.73 ± 3.74 0.79 ± 2.42 1.26 ± 5.63 2.72 ± 7.38 2.29 ± 4.70 0.59 ± 2.52 
R knee angle (1) 0.14 ± 0.57 0.14 ± 0.49 0.15 ± 0.97 0.05 ± 0.85 0.43 ± 1.31 0.14 ± 0.54 
R knee angle (2) 1.91 ± 4.98 2.14 ± 4.63 1.59 ± 4.37 1.33 ± 2.20 1.05 ± 2.14 0.68 ± 2.45 
R knee angle (3) 0.71 ± 1.74 0.87 ± 1.84 0.56 ± 4.93 0.02 ± 6.59 -0.05 ± 4.86 0.19 ± 1.49 
R shoulder angle (1) 11.80 ± 40.55 9.84 ± 59.32 18.57 ± 43.54 21.41 ± 46.15 19.70 ± 46.69 8.39 ± 10.54 
R shoulder angle (2) 32.58 ± 18.55 31.30 ± 17.84 31.82 ± 18.62 32.02 ± 19.01 28.02 ± 17.74 14.64 ± 15.28 
R shoulder angle (3) -10.58 ± 73.50 -6.72 ± 96.95 -9.01 ± 86.75 2.14 ± 107.92 4.01 ± 96.01 1.50 ± 53.88 
R shoulder wrt thorax (1) 0.00 ± 0.01 0.00 ± 0.01 0.00 ± 0.01 0.00 ± 0.01 0.00 ± 0.01 0.00 ± 0.00 
R shoulder wrt thorax (2) 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.00 ± 0.01 
R shoulder wrt thorax (3) -0.01 ± 0.01 -0.01 ± 0.01 -0.01 ± 0.01 -0.01 ± 0.01 -0.01 ± 0.01 0.00 ± 0.01 
R wrist angle (1) -8.96 ± 9.29 -9.13 ± 9.14 -8.54 ± 9.36 -7.83 ± 9.66 -8.62 ± 8.94 -4.83 ± 7.30 
R wrist angle (2) -2.14 ± 12.37 -4.59 ± 9.01 -3.60 ± 9.71 -4.97 ± 11.95 -3.46 ± 8.89 -0.67 ± 7.84 
R wrist angle (3) 3.89 ± 4.59 4.56 ± 4.90 4.15 ± 4.62 4.50 ± 5.10 3.80 ± 4.28 1.36 ± 3.13 
Thoraco-pelvic angle (1) -12.48 ± 91.07 -17.75 ± 118.65 -11.66 ± 115.59 -16.07 ± 94.00 6.56 ± 78.53 -14.79 ± 61.17 
Thoraco-pelvic angle (2) 2.11 ± 3.06 2.26 ± 2.49 2.12 ± 2.39 2.08 ± 2.41 2.23 ± 2.05 2.10 ± 2.01 
Thoraco-pelvic angle (3) -42.26 ± 138.37 -53.99 ± 134.86 -44.23 ± 135.48 -62.55 ± 132.46 -72.67 ± 128.17 -15.87 ± 94.91 
L gastrocnemius  1.6E-05 ± 4.9E-05 2.5E-05 ± 4.9E-05 2.4E-05 ± 6.2E-05 2.3E-05 ± 3.4E-05 1.9E-05 ± 3.4E-05 1.0E-05 ± 2.8E-05 
L lower trapezius 5.4E-05 ± 1.2E-04 6.4E-05 ± 5.4E-05 6.0E-05 ± 6.0E-05 5.8E-05 ± 5.8E-05 6.5E-05 ± 9.0E-05 1.1E-04 ± 1.5E-04 
L semimembranosus 1.5E-05 ± 2.8E-05 1.7E-05 ± 2.8E-05 2.2E-05 ± 7.9E-05 1.8E-05 ± 2.6E-05 1.9E-05 ± 2.6E-05 8.9E-06 ± 1.7E-05 
L tibialis anterior 1.0E-06 ± 3.4E-05 4.1E-06 ± 3.3E-05 5.1E-07 ± 1.8E-05 -1.1E-07 ± 2.8E-05 4.0E-07 ± 2.2E-05 -6.6E-06 ± 3.1E-05 
L upper trapezius  7.4E-05 ± 4.2E-05 7.6E-05 ± 3.9E-05 7.5E-05 ± 4.8E-05 7.2E-05 ± 4.5E-05 6.9E-05 ± 4.0E-05 5.2E-05 ± 4.5E-05 
L vastus lateralis 3.0E-06 ± 2.1E-05 1.9E-07 ± 2.2E-05 1.9E-06 ± 2.7E-05 1.6E-06 ± 1.9E-05 1.0E-06 ± 1.6E-05 -2.5E-07 ± 1.8E-05 
L vastus medialis 1.5E-06 ± 1.1E-05 1.0E-06 ± 1.3E-05 1.9E-06 ± 1.4E-05 5.0E-06 ± 5.6E-05 1.2E-06 ± 9.2E-06 1.5E-06 ± 1.2E-05 
R gastrocnemius  -1.5E-06 ± 2.7E-05 9.3E-07 ± 1.5E-05 -1.2E-07 ± 1.7E-05 9.4E-07 ± 5.5E-06 -4.7E-07 ± 1.0E-05 2.0E-07 ± 2.1E-05 
R lower trapezius 6.6E-05 ± 8.0E-05 7.1E-05 ± 4.9E-05 7.0E-05 ± 5.3E-05 7.2E-05 ± 5.7E-05 6.5E-05 ± 6.2E-05 5.0E-05 ± 3.7E-05 
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R sternocleidomastoid 4.2E-05 ± 1.7E-05 4.1E-05 ± 1.6E-05 4.2E-05 ± 2.4E-05 4.2E-05 ± 1.9E-05 4.0E-05 ± 1.4E-05 4.2E-05 ± 2.0E-05 
R semimembranosus 2.4E-05 ± 2.6E-05 2.4E-05 ± 2.8E-05 2.6E-05 ± 2.9E-05 2.2E-05 ± 2.2E-05 2.3E-05 ± 2.5E-05 1.6E-05 ± 1.9E-05 
R tibialis anterior  3.4E-05 ± 3.1E-04 -2.1E-05 ± 3.4E-04 2.9E-05 ± 1.3E-04 1.9E-06 ± 1.6E-05 8.0E-06 ± 3.4E-05 -2.5E-05 ± 2.2E-04 
R upper trapezius 4.0E-05 ± 4.0E-05 3.6E-05 ± 3.1E-05 3.4E-05 ± 2.8E-05 3.5E-05 ± 2.8E-05 3.4E-05 ± 3.0E-05 2.6E-05 ± 3.2E-05 
R vastus lateralis  3.2E-06 ± 1.5E-05 3.3E-06 ± 1.1E-05 -9.1E-07 ± 1.8E-05 2.1E-06 ± 8.4E-06 -3.1E-06 ± 4.3E-05 3.7E-07 ± 1.1E-05 
R vastus medialis 1.9E-06 ± 6.9E-06 2.4E-06 ± 8.0E-06 1.3E-06 ± 1.0E-05 1.0E-06 ± 5.6E-06 1.9E-07 ± 7.5E-06 -1.3E-06 ± 1.9E-05 
Skin conductance -0.69 ± 4.08 -0.65 ± 5.29 -1.35 ± 7.49 -0.98 ± 4.76 -0.69 ± 3.28 -0.23 ± 1.59 
 
